REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including 
suggestions  for  reducing  this  burden  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway, 
Suite  1204,  Arlington,  VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a 
collection  of  information  if  it  does  not  display  a  currently  valid  OMB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. _ 


1 .  REPORT  DATE  (DD-MM-YYYY)  2.  REPORT  TYPE 

September  28,2007  Final  Report 

3.  DATES  COVERED  (From  -  To) 

07/01/02  to  06/30/07 

4.  TITLE  AND  SUBTITLE 

NOVEL  DESIGNS  AND  COUPLING  SCHEMES  FOR  AFFORDABLE  HIGH  ENERGY 

LASER  MODULES 

5a.  CONTRACT  NUMBER 

F4 9620-02-1-0380 

5b.  GRANT  NUMBER 

NA 

5c.  PROGRAM  ELEMENT  NUMBER 

NA 

6.  AUTHOR(S) 

PI:  Jerome  V  Moloney,  PhD 

Axel  Schulzgen  (For  N.  Peyghambarian),  Pavel  Polynkin  (for  Masud  Mansuripur), 

Masud  Mansuripur,  Mahmoud  Fallahi,  Yoel  Fink  (MIT),  and  Chiping  Chen  (MIT) 

5d.  PROJECT  NUMBER 

NA 

5e.  TASK  NUMBER 

NA 

5f.  WORK  UNIT  NUMBER 

NA 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Arizona  Board  of  Regents  University  of  Arizona 

University  of  Arizona  888  N.  Euclid  Avenue,  Room  510 

Tucson,  Arizona  85722-3308 

8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 

F4 9620-02-1-0380 

9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

USAF  875  North  Randolph  Road 

AF  Office  of  Scientific  Suite  325,  Room  3112 

Research  Arlington,  VA  22203 

10.  SPONSOR/MONITOR’S  ACRONYM(S) 

NA 

11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 


Unclassified  and  Unlimited 


13.  SUPPLEMENTARY  NOTES 

NA 


14.  ABSTRACT 

This  multi-disciplinary  research  effort  developed  new  classes  of  compact,  highly-doped  Er/Yb  phosphate-doped  glass  fibers  as  high  power, 
low  noise  single  wavelength,  single  mode  oscillators.  Three  world  record  powers  in  low-noise,  single  frequency  laser  oscillators  at  the 
eyesafe  wavelength  of  1.55pm  were  reported.  The  project  vertically  integrated  fabrication,  testing,  and  optimization  of  all  components 
necessary  for  manufacturing  of  fiber  laser  units  including  highly  doped  specialty  glasses,  fiber  preforms,  fiber  drawing  techniques,  fiber 
Bragg  gratings,  fiber  facet  coatings,  and  fusion  splicing  of  fiber  components.  A  novel  stack  and  draw  technique  produced  single  and  multi¬ 
core  geometries  including  index  guides  and  micro-structured  single  and  multiple  core  fibers.  Ulltra-short  pulse  generation  in  these 
phosphate  fibers  yielded  world  record  peak  intensities  and  novel  applications.  The  MIT  partners  developed  a  novel  class  of  surface  emitting 
fiber  lasers  based  on  ID  photonic  bandgap  confinement.  A  new  class  of  optically-pumped  high-power,  high  brightness  semiconductor 
vertical-external-cavity  surface  emitting  laser  emitting  around  980nm  were  designed  using  a  novel  epitaxial  quantum  design  approach  and 
demonstrated  experimentally.  Power  scaling  methods  such  as  spectral  beam  combining  and  cascaded  intra-cavity  semiconductor  chips  were 
demonstrated  as  well  as  visible  light  generation  via  intra-cavity  second  harmonic  generation.  Over  70  articles  were  published 
in  peer-reviewed  journals. 

15.  SUBJECT  TERMS 

Fiber  laser,  phosphate  dolt  glass  fiber,  single  wavelength  eyeface,  microstructure  fiber, 
photobandgap  fibers,  high  brightness,  semiconductor  laser  quantum  design,  power  scaling. 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION 

OF  ABSTRACT 

18.  NUMBER 
OF  PAGES 

19a.  NAME  OF  RESPONSIBLE  PERSON 

Jerome  V  Moloney,  PhD 

a.  REPORT 

U 

b.  ABSTRACT 

U 

c.  THIS  PAGE 

U 

UU 

74 

19b.  TELEPHONE  NUMBER  (include  area 
code) 

(520) 621-6755 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  Z39.18 


Final  Report  for  Period:  7/1/2002  -  6/30/2007  Submitted  on:  09/28/2007 

Principal  Investigator:  Moloney,  Jerome  Award  ID:  F49620-02-1-0380 

Organization:  University  of  Arizona 

Title:  “Novel  Designs  and  Coupling  Schemes  for  Affordable  High  Energy  Laser  Modules” 


1 .  Executive  Summary . 1 

2.  List  of  Participants . 6 

3.  List  of  Publications . 7 

4.  List  of  Inventions . 20 

5.  Technical  Report:  Fiber  Project . 21 

5.1.  Chip-Scale  Cladding-Pumped  Fiber  Lasers  Utilizing  Microstructured  Fibers . 21 

5.2.  Watt-level  Single-Frequency  Fiber  Lasers . 25 

5.3  Spin-off  Compact  Phosphate  Fiber  Laser  Development . 31 

5.4.  Phase  Locking  in  Monolithic  Multicore  Fiber  Laser . 38 

5.5.  UV-Written  Bragg  Gratings  in  Phosphate  Glass  Fiber . 42 

5.6  Tapered  fiber  bundles  for  combining  pump  lasers  used  in  fiber  lasers/amplifiers . 43 

6.  Technical  Report:  VECSEL  Project . 52 

6. 1  First  Principles  Quantum  Design  Approach  for  Semiconductor  Epitaxial  Growth . 52 

6.2  High-Power  High-Brightness  VECSELs . 52 

6.2.  Tunable  High-Power  Linearly  Polarized  VECSELs  with  a  Narrow  Linewidth . 56 

6.3.  Tunable  Watt-Level  Blue-Green  VECSEL . 59 

6.4.  Spectral  Beam  Combining  of  VECSELs . 61 

6.5.  MultiChip  VECSELs:  A  Coherent  Power  Scaling  Scheme . 62 

7.  MIT  Final  Report  1 . 64 

7.1  Introduction . 64 

7.2  Fiber  Laser  Structure . 64 

7.3  Optical  Properties . 65 

7.4  Conclusions . 68 

8.  MIT  Final  Report  2 . 70 


1.  Executive  Summary 


This  report  details  technical  achievements  of  this  basic  research  multidisciplinary  effort  entitled 
“Affordable  High  Energy  Lasers”.  The  body  of  results  reported  is  substantial  and  the  report  is  partitioned 
into  three  main  sections.  The  first  details  technical  achievements  under  the  compact  phosphate  fiber 
project  at  the  University  of  Arizona.  The  second  highlights  key  results  under  a  smaller  level  seed  project 
on  semiconductor  optically  pumped  surface  emitting  lasers  or  VECSELs  (vertical  external  cavity  surface 
emitting  lasers).  Finally,  work  carried  out  under  a  subcontract  to  the  Massachusetts  Institute  of 
Technology  on  novel  sideways  lasing  photonic  bandgap  fibers  and  photonic  bandgap  calculations  are 
appended  as  separate  reports  at  the  end  of  the  document. 

An  overriding  theme  of  the  entire  project  was  the  development  and  use  of  sophisticated  theoretical  and 
simulation  capabilities  to  drive  the  design,  testing  and  implementation  of  the  various  experimental 
demonstrations.  The  impact  of  such  an  approach  was  greatest  in  the  VECSEL  project  where  a  novel 
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quantum  semiconductor  epi  design  approach  was  used  to  fast-track  to  optimized  VECSEL  sub-cavity 
structures.  The  remainder  of  this  technical  summary  highlights  the  main  achievements  of  the  project  that 
are  described  more  fully  in  the  following  technical  sections. 

In  a  comprehensive  effort  we  developed  extremely  compact,  high-power  fiber  lasers  that  can  be  utilized 
as  building  blocks  for  scalable  multi-kW  laser  systems.  In  our  approach  we  vertically  integrated 
fabrication,  testing,  and  optimization  of  all  components  necessary  for  manufacturing  of  fiber  laser  units 
including  highly  doped  specialty  glasses,  fiber  preforms,  fiber  drawing  techniques,  fiber  Bragg  gratings, 
fiber  facet  coatings,  and  fusion  splicing  of  fiber  components. 

Our  efforts  focused  on  fiber  lasers  that  emit  at  the  eye-safe  wavelength  around  1550  nm.  We  developed 
phosphate  glasses  that  have  been  co-doped  with  high  concentrations  of  Yb  and  Er  ions  and  optimized  for 
efficient  pump  absorption  and  laser  emission.  In  addition,  compatible  photosensitive  phosphate  glass  has 
been  developed  that  enabled  the  fabrication  of  the  first  UV  written  fiber  Bragg  gratings  in  any  phosphate 
fiber  and  eliminated  the  need  for  unstable  and  unreliable  splices  between  silica  and  phosphate  fiber  within 
the  fiber  laser  cavity. 

Step-index  and  microstructured  fibers  with  large  active  core  areas  have  been  designed  and  fabricated. 
Furthermore,  fibers  integrating  up  to  36  active  cores  have  been  drawn  and  utilized  to  assemble  extremely 
compact  multi-core  lasers.  Both  approaches  are  complementary  in  order  to  push  the  limits  of  achievable 
active  core  area  the  crucial  factor  that  determines  both  the  efficiency  of  multimode  pump  light  absorption 
and  the  maximum  output  power  per  unit  of  fiber  length. 

In  the  course  of  this  project  we  demonstrated  record-breaking  single  mode  fiber  lasers  with  continuous 
wave  output  powers  beyond  1.3  W  per  cm  of  active  fiber  length.  This  achievement  was  a  result  of  several 
loops  of  materials  and  device  improvements  that  have  been  documented  in  a  series  of  journal  publications 
during  the  project.  The  most  advanced  device  used  3.5  cm  of  active  microstructured  fiber  and  generated 
continuous  output  powers  of  4.7  W. 

The  approach  of  developing  rigid  and  short  fiber  laser  units  also  enabled  us  to  utilize  the  large  wavelength 
spacing  between  longitudinal  modes  to  build  single  frequency  fiber  lasers  with  integrated  narrowband 
fiber  Bragg  gratings.  Building  the  world’s  first  cladding  pumped  single  frequency  fiber  lasers  we  were 
able  to  increase  the  output  power  of  single  frequency  fiber  lasers  by  more  than  an  order  of  magnitude  to 
levels  of  about  2  W.  These  single  frequency  lasers  can  be  combined  coherently  and  are  suitable  building 
blocks  for  scalable,  very  high  power  laser  systems. 

In  an  effort  to  develop  fully-integrated,  rugged  and  compact  fiber-laser  devices,  we  have  devised  a  side¬ 
pumping  scheme  for  optically  pumping  short  fibers  with  high  concentration  of  doping.  This  scalable 
pumping  scheme  allows  for  pumping  a  single  active  fiber  with  multiple  (up  to  twelve)  independent 
medium-power  pump  laser  sources.  We  have  extensively  used  side-pumped  heavily  doped  phosphate- 
glass  fibers  in  five  major  application  areas: 

•  Development  of  eye-safe  Watts-level  single-frequency  CW  fiber-laser  oscillators  at  1.5pm 

•  Demonstration  of  Watts-level  CW  fiber  lasers  at  1pm  based  on  gain-guiding  Ytterbium-doped 
fibers  with  extremely  high  concentration  of  doping  of  up  to  20% 

•  Development  of  high-power  short-cavity  modelocked  fiber-laser  oscillators  at  1.5pm 

•  Distortion- free  amplification  of  ultrashort  pulses  to  tens  of  kilowatts  of  peak  power  and  nonlinear 
frequency  conversion  of  these  picosecond  sources  into  blue-green 

•  Generation  of  high-energy  pulses  in  short  phosphate-glass  fibers  (Over  0.2mJ  pulse  energy  with 
nanosecond  pulses  demonstrated,  can  be  scaled  to  the  multi-mJ  level) 
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The  major  accomplishments  in  these  areas  are  summarized  below,  and  more  detailed  description  is  given 
in  the  Technical  Report  section. 

Our  side-pumped  fiber-laser  devices  are  fully  spliced  and  fiber  pigtailed.  They  have  excellent  polarization 
extinction  ratios.  These  devices  can  be  straightforwardly  packaged,  and  we  welcome  requests  for  delivery 
of  the  prototypes  of  these  devices  to  interested  parties  for  the  purposes  of  continuing  collaborative 
research. 

Fiber-laser  devices  demonstrated  in  the  course  of  this  MRI  clearly  demonstrate  the  unique  capabilities  of 
short  phosphate  fibers  in  generation  and  amplification  of  short  and  ultrashort  optical  pulses.  These  fibers 
hold  promise  of  finally  bringing  the  ultrafast-laser  technology  from  a  research  laboratory  to  practice. 
Potential  applications  that  can  be  beneficial  to  DOD  include  directed  energy,  free-space  OCOMM,  and 
LIDAR.  It  is  unfortunate  that  lack  of  funding  can  delay  or  even  terminate  a  further  development  of  this 
technology  with  the  end  of  this  MRI  program. 

CW  single-frequency  fiber-laser  oscillators  at  1.5pm:  It  is  known  that  the  output  power  of  a  single¬ 
frequency  laser  oscillator  with  a  standing- wave  laser  cavity  is  limited  by  the  spatial  hole-burning  effect  in 
the  active  medium.  This  limitation  is  severe,  and  in  the  case  of  a  fiber  laser  with  narrowest  available  fiber- 
Bragg  grating  reflectors,  it  restricts  the  cavity  length  of  a  robustly  single-frequency  laser  oscillator  by  -3 
to  5cm.  The  two  known  solutions  for  the  spatial  hole-burning  problem  are  by  using  ring  and  twisted-mode 
laser  cavities.  We  have  used  both  approaches,  and  demonstrated  1 W  and  2W  of  average  output  power  at 
1.5pm,  using  ring-cavity  and  twisted-mode  cavity  fiber-laser  designs,  respectively.  The  2W  result  is  the 
highest  output  power  among  all  single-frequency  fiber-laser  oscillators  demonstrated  previously,  and  it 
beats  the  widely  publicized  DFB  fiber  laser  by  two  orders  of  magnitude. 


Gain-guided  Yb-doped  fiber  lasers  at  1pm:  Since  the  solubility  of  Ytterbium  oxide  in  the  phosphate 
glass  host  is  by  an  order  of  magnitude  higher  than  that  for  Erbium  oxide,  massive  doping  concentrations 
of  Yb203  of  up  to  20%  and  beyond  are  attainable  with  these  fibers.  We  have  investigated  the  feasibility  of 
using  these  heavily  Ytterbium-doped  fibers  for  construction  of  compact  fiber-laser  sources  at  1pm 
wavelength.  In  particular,  we  have  found  that  these  fibers,  if  pumped  with  light  at  975nm  wavelength,  can 
relatively  straightforwardly  be  operated  in  the  gain-guiding  mode.  Thus  a  substantial  power  scaling 
without  sacrificing  the  beam-quality  performance  must  be  possible  with  these  fibers,  by  increasing  the 
core  size  of  the  fiber. 

Modelocked  fiber-laser  oscillators  with  high  pulse-repetition  rates:  The  fundamental  pulse  repetition 
rate  of  a  modelocked  fiber-laser  oscillator  is  inversely  proportional  to  the  cavity  length  of  the  oscillator. 
Thus  using  short  and  highly  doped  phosphate  fibers  as  gain  elements  of  a  modelocked  laser  oscillator 
allows  for  operation  at  high  repetition  rates,  with  high  average  power  due  to  the  high  concentration  of 
doping.  The  high  pulse  repetition  rates  are  advantageous  in  high  data-rate  optical  communications  and  in 
the  frequency  metrology  applications.  Using  only  lcm-long  phosphate-fiber  cavity  and  a  carbon 
nanotube-based  saturable  absorber,  we  have  demonstrated  a  fiber-laser  oscillator  passively  modelocked  at 
the  fundamental  repetition  rate  of  10GHz.  With  more  conventional  semiconductor  saturable  absorber 
mirror  (SESAM),  we  have  demonstrated  pulse  repetition  rates  of  up  to  550MHz,  at  the  average  power 
level  of  775mW. 

Distortion-free  amplification  of  ultrashort  pulses:  Amplification  of  sub-picosecond  pulses  in  doped 
fibers  is  limited  by  the  onset  of  nonlinear  effects  such  as  self-phase  modulation  and  Raman  scattering.  A 
commonly  used  way  of  mitigating  the  nonlinearities  is  by  using  the  so-called  chirped-pulse  amplification 
(CPA)  technique.  The  CPA  requires  re-compression  of  pulses  with  free-space  diffraction  gratings,  which 
compromises  the  main  advantages  of  fiber-based  systems  such  as  robustness  and  ease  of  alignment. 
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Heavily  doped  phosphate  fiber  is  a  medium  that  is  uniquely  suited  for  amplification  of  ultrashort  pulses. 
Amplification  of  pulses  in  these  fibers,  which  can  be  only  10  to  15centimeters  long,  occurs  so  rapidly  that 
no  appreciable  pulse  distortion  develops  in  either  spectral  or  temporal  domain.  Using  this  approach,  we 
have  demonstrated  amplification  of  picosecond  pulses  at  1.5pm  to  the  peak  power  level  of  17kW.  The 
power  density  in  the  fiber  core  of  this  amplifier  exceeded  20GW/cm2,  which  is  record-high  for  any 
ultrafast  fiber  amplifier  reported  to-date. 

At  these  power  levels,  the  generated  infrared  light  can  be  efficiently  frequency-converted  into  the  visible 
and  UV  in  short  PPLN  crystals  operating  at  room  temperature.  As  an  example,  we  have  demonstrated  a 
viable  laser  transmitter  operating  in  the  blue-green  transparency  window  of  seawater,  by  efficient  third- 
harmonic  generation  of  a  picosecond  fiber-laser  system  at  1.5  pm. 

Generation  of  high-energy  nanosecond  pulses  in  short  phosphate-glass  fibers:  As  we  have  recently 
demonstrated,  short  phosphate  fibers  are  capable  of  efficient  energy  storage.  Amplification  of  nanosecond 
pulses  at  1.5pm  to  215pJ  energy  levels  has  been  demonstrated  in  15cm-long  phosphate  fiber  amplifier 
with  25  pm  core.  Due  to  the  extremely  short  length  of  the  amplifier,  the  output  beam  quality  was  perfect, 
in  spite  of  the  extreme  multimode  nature  of  the  active  fiber.  This  clearly  shows  potential  for  further 
energy  scaling  into  the  multi-mJ  domain,  by  increasing  the  core  size. 

Utilizing  fibers  with  multiple  active  cores,  we  demonstrated  a  novel  monolithic  all  fiber  scheme  to 
coherently  combine  the  emission  from  all  active  cores  into  a  single  high  power  laser  beam.  This  approach 
can  provide  a  convenient  and  promising  power-scaling  solution  to  compact  high-power  fiber  laser 
devices.  By  splitting  the  gain  medium  into  discrete  positions  inside  the  cladding,  instead  of  concentrating 
all  active  ions  into  an  oversized  core,  optical  damage  and  thermal  management  problems  of  high  power 
single  core  lasers  can  be  solved. 

The  development  of  technology  to  fabricate  microstructured  optical  fibers  from  specialty  glasses  was 
amongst  the  main  successes  of  this  research  project  and  the  full  potential  of  this  technique  has  yet  to  be 
exploited.  Besides  the  demonstrated  benefits  for  cm-sized  Watt-level  light  sources,  microstructured  fibers 
will  also  facilitate  improvements  in  kW-level  fiber  lasers,  pulsed  fiber  lasers,  and  amplifiers  with  high 
peak  powers.  Journal  publications  and  numerous  invited  talks  at  international  conferences  are  listed 
below.  They  reflect  the  international  recognition  that  our  fiber  laser  research  has  received. 

Tapered  fiber  bundles:  Tapered  fiber  bundles  were  used  to  combine  the  output  power  of  several 
semiconductor  lasers  into  a  multimode  optical  fiber  for  the  purpose  of  pumping  fiber  lasers  and 
amplifiers.  It  is  generally  recognized  that  the  brightness  of  such  combiners  does  not  exceed  the  brightness 
of  the  individual  input  fibers.  We  demonstrated  that  the  brightness  of  the  tapered  fibers  (and  fiber 
bundles)  depends  on  both  the  taper  ratio  and  the  mode-filling  properties  of  the  beams  launched  into  the 
individual  fibers.  Brightness,  therefore,  can  be  increased  by  selecting  sources  that  fill  a  small  fraction  of 
the  input  fiber’s  modal  capacity.  As  proof  of  concept,  we  describe  measurements  on  tapered  fiber-bundle 
combiners  having  a  low  output  etendue.  Under  low  mode-filling  conditions  per  input  multimode  fiber 
(i.e.,  fraction  of  filled  modes  <  0.285),  we  report  brightness  enhancements  of  8.0  dB  for  19x1  bundles, 
6.7  dB  for  7  x  1  bundles,  and  4.0  dB  for  3  x  1  combiners.  Our  measured  coupling  efficiency  variations  of 
~1  -2%  among  the  various  fibers  in  a  given  bundle  confirm  the  uniformity  and  quality  of  the  fabricated 
devices. 

We  demonstrated  that  beam  combining  with  fused  and  tapered  fiber  bundles  results  in  brightness  increase 
under  restricted-mode  launch  conditions  (mode-filling  parameter  -  0.285)  for3xl?4xl?7xl?  and 
19x1  combiners.  The  measured  values  of  the  coupling  efficiency  varied  about  1-2%  among  the  various 
fibers  in  each  bundle,  thus  confirming  the  high  quality  of  the  fabricated  devices.  To  analyze  the 
performance  of  N  x  1  combiners  and  cascades  of  such  combiners,  we  devised  a  simple  method  employing 
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a  concatenated  chain  of  tapered  fibers  in  which  every  tapered  fiber  was  fusion-spliced  to  the  next  fiber’s 
unaltered  facet.  Good  agreement  between  the  tapered  bundle  efficiency  estimates  obtained  by  this  method 
and  the  actual  (fabricated)  combiner  efficiencies  confirmed  the  validity  of  our  approach.  For  cascades  of 
tapered  fiber  bundles,  we  achieved  brightness  enhancement  only  in  the  early  stages  of  the  cascade.  We 
focused  mainly  on  the  dependence  of  the  coupling  efficiency  on  the  mode-filling  properties  of  the  source. 
This  enabled  us  to  develop  practical  combiners  in  the  form  of  fused  and  tapered  fiber  bundles  and 
cascades  of  such  bundles. 

Quantum  design  of  active  semiconductor  quantum  wells  for  targeted  wavelength  emission: 

Our  theoretical  effort  in  the  area  of  high  power,  high  brightness  VECSEL  development,  focused  on  two 
areas:  (1)  improved  understanding  of  the  many-body  effects  that  influence  critical  semiconductor  optical 
properties  and,  (2)  full  3D  modeling  of  the  VECSEL  semiconductor  sub-cavity  and  external  cavity. 
Semiconductor  wafers  for  VECSEL  devices  were  designed  and  optimized  prior  to  growth  such  that  only  a 
single  growth  cycle  was  needed  after  reactor  calibration.  These  grown  wafers  were  then  processed  and 
utilized  in  all  subsequent  experimental  studies  documented  below. 

High  power,  high  brightness  VECSEL  development:  In  a  comprehensive  effort  we  developed  very 
compact,  high-power  high-brightness  tunable  vertical-extemal-cavity  surface-emitting  lasers  (VECSELs) 
that  can  be  utilized  as  building  blocks  for  scalable  multi-kW  laser  systems.  In  our  approach  we  vertically 
integrated  fabrication,  testing,  and  optimization  of  all  components  including  semiconductor  quantum  well 
gain,  distributed  Bragg  reflector  (DBR),  microcavity  resonances,  external  cavity  design,  fabrication  of 
VECSEL  chip,  low-reflection  coating  on  the  chip  surface  and  heat  dissipation  of  the  chip. 

The  semiconductor  quantum  wells  in  an  optically  pumped  VECSEL  provide  the  broad  band  gain  for  the 
laser,  resulting  in  a  large  wavelength  tuning  range.  VECSELs  provide  wavelength  agile  laser  sources 
through  quantum  confinement  and  a  wide  choice  of  constituent  group  II- VI  and  III-V  material  systems. 
Our  research  shows  that  this  laser  technology  potentially  provides  an  innovative  approach  to  low-cost 
frequency  agile  lasers  engineered  for  specific  applications  in  the  near  infrared  and  visible  range  (by 
intracavity  nonlinear  conversion). 

Our  efforts  focused  on  InGaAs/GaAs  VECSELs  emitting  around  975  nm.  The  design  of  the  VECSEL 
structure  is  based  on  the  rigorous  microscopic  quantum  design  approach  and  the  3D  optical/thermal 
modeling  of  the  device.  The  former  enables  us  to  precisely  determine  the  gain  of  the  semiconductor 
quantum  well  and  the  gain  peak  shift  as  a  function  of  temperature.  The  latter  enabled  us  to  close  the 
design  loop  and  optimize  the  VECSEL  chip  prior  to  wafer  growth. 

Single-well  and  double-well  VECSEL  structures  have  been  designed,  grown  and  fabricated.  High-power 
high-brightness  VECSELs  were  demonstrated  and  power  scaling  on  single  chip  VECSEL  was  studied. 
Furthermore,  the  spectral  beam  combining  of  VECSELs  by  using  volume  Bragg  grating  and  multi-chip 
VECSEL  were  investigated.  Both  approaches  are  complementary  in  pushing  optically  pumped 
semiconductor  laser  operation  eventually  towards  kW  levels. 

In  the  course  of  this  project  we  demonstrated  tunable  high-power  (over  10  W)  high-brightness  VECSELs 
with  a  narrow  spectral  linewidth  by  employing  an  intra-cavity  birefringent  filter.  This  achievement  was  a 
result  of  several  loops  of  materials  and  device  improvements  that  have  been  documented  in  a  series  of 
journal  publications  during  the  project.  The  most  advanced  device  with  two  VECSEL  chips  can  extend 
the  tunability  of  the  laser  to  over  30  nm  with  a  reasonably  small  output  variation  with  the  tuned 
wavelength.  This  technology  opens  a  new  window  of  opportunity  for  the  application  of  VECSELs. 
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Combining  intracavity  frequency  doubling  with  a  high-power  tunable  VECSEL  operating  around  976  nm, 
we  first  demonstrated  a  high-power  wavelength-tunable  blue-green  laser  operation  around  488  nm.  This 
blue-green  laser  is  tremendously  useful  since  it  is  difficult  to  generate  tunable  laser  output  in  this  spectral 
region  by  other  lasers. 

The  development  of  technology  to  design  and  fabricate  VECSEL  chips  was  the  main  success  of  this 
component  of  the  research  project.  This  laser  technology  is  ready  to  transition  into  commercial  devices. 
Peer-reviewed  journal  publications  and  numerous  invited  talks  at  international  conferences  are  listed 
below.  Some  of  our  research  work  was  reported  and  highlighted  by  Photonics  Spectra  and  SPIE 
Newsroom.  They  reflect  the  international  recognition  that  our  VECSEL  research  has  received. 
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Patent  Cooperation  Treaty  Serial  No.  US07/001704,  Filed  January  19,  2007 
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“Spliceless  Phosphate  Glass  Fiber  Laser  and  Novel  Method  of  its  Fabrication” 
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Inventors:  N.  Peyghambarian,  A.  Schiilzgen,  V.  Temyanko 
UA04-078  (2004) 

“Novel  Approach  for  Making  Optical  Fibers” 

Inventors:  N.  Peyghambarian,  A.  Schiilzgen,  V.  Temyanko 


5.  Technical  Report:  Fiber  Project 

5.1.  Chip-Scale  Cladding-Pumped  Fiber  Lasers  Utilizing  Microstructured 
Fibers 

Development  of  high  power  fiber  lasers  has  been  one  a  very  active  research  area  for  the  last 
decade  and  a  half  Regardless  of  the  operating  wavelength,  cladding-pumped  fiber  lasers  share  the 
common  property  of  being  quite  long  in  size.  Active  fibers  as  long  as  several  tens  of  meters  are  usual  and 
1  to  2  meters  of  active  fibers  are  considered  as  compact  size.  The  long  length  is  required  because  of  the 
rather  low  pump  absorption  coefficient  in  the  cladding  pumped  scheme.  Theoretically,  the  absorption  rate 
is  determined  by  two  main  factors:  the  doping  level  of  the  absorbing  ions  and  the  ratio  of  the  active  core 
area  to  the  pump-confining  cladding  area,  which  is  typically  much  smaller  than  0.01  cm'1.  Even  for  Er-Yb 
co-doped  fiber  lasers  cladding  pumped  around  975  nm  (with  greatly  enhanced  pump  absorption  due  to 
Yb);  active  fiber  lengths  in  excess  of  1  meter  were  used  to  reach  Watt-level  cw  output.  To  produce  Watt- 
level  cw  fiber  laser  cladding-pumped  by  multimode  source  while  reducing  the  active  fiber  length  to  the 
centimeter  scale,  high  doping  concentration,  large  core  area,  and  optimized  cavity  designs  are  essential. 
The  advantages  of  such  short-length  high  power  fiber  laser  include  the  suppression  of  nonlinear  effects 
such  as  stimulated  Raman  and  Brillouin  scattering,  possible  single  frequency  operation,  and  extremely 
compact  size. 

One  of  the  first  objectives  was  the  development  of  phosphate  glasses  that  have  been  co-doped 
with  high  concentrations  of  Yb  and  Er  ions  and  optimized  for  efficient  pump  absorption  and  laser 
emission.  Utilizing  glasses  with  a  doping  levels  of  ~1  wt%  Er203  and  -2  wt%  Yb203,  i.e.,  an  Er 
concentration  5  times  as  high  as  that  used  in  a  previously  reported  high-power  Er-Yb  co-doped  fiber 
lasers,  the  first  Watt-level  cm-long  fiber  laser  has  been  demonstrated  in  2004.  Glasses,  preforms,  fibers, 
and  dielectric  mirrors  have  all  been  fabricated  in-house.  The  lasers  performance  is  shown  in  figure  1.  Up 
to  1.5  W  cw  laser  output  was  obtained  from  an  11  cm  long  active  fiber  with  properly  selected  input 
coupler  and  output  coupler  when  pumped  by  a  15  W  multimode  975  nm  laser.  The  fiber  laser  was 
demonstrated  at  1535  nm  with  a  narrow  spectrum  and  a  good  beam  quality  of  M2  smaller  than  3. 
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Fig.  1.11  cm  long  Er-Yb  co-doped  fiber  laser  performance  with  optimized  resonator  reflectivity.  The 

inset  shows  the  output  spectrum. 
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Fig  2.  Performance  of  7  cm  multimode  (squares)  and  single  mode  (circles)  end-pumped  fiber  lasers,  and  12  cm  side- 
pumped  multimode  fiber  laser  (triangles).  The  inset  shows  the  schematic  layout  of  the  end-pumped  fiber  laser. 

A  few  months  later,  utilizing  glasses  with  even  higher  doping  (8  wt%  Yl^Ch)  and  active  fiber 
with  lower  numerical  aperture  and  larger  core  sizes,  we  presented  new  experimental  results  on 
even  shorter  length  (7  cm)  phosphate  fiber  lasers  shown  in  figure  2.  These  lasers  generated  more 
than  9.3  W  multi-mode  and  4.0  W  single  mode  output  power.  To  our  knowledge,  the  power 
generated  per  unit  fiber  length  of  1.33W/cm  (multi-mode)  represented  the  first  record 
contributed  by  our  group  to  the  fiber  laser  world. 
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Microstructured  optical  fiber  (MOF)  is  well  suited  for  the  fabrication  of  fiber  with 
extremely  large  mode  area  that  is  beyond  the  limits  of  conventional  step  index  fiber  technology. 
At  the  same  time,  single  transverse  mode  propagation  and  excellent  beam  quality  can  be 
maintained.  To  use  this  concept  for  our  compact  fiber  lasers  we  investigated  the  modal 
characteristics  of  MOF  whose  guiding  core  consists  of  one  and  seven  missing  air  holes  using  a 
finite  element  method.  Our  systematic  and  comprehensive  study  of  issues  such  as  the  core  radius, 
V  number,  and  core  versus  cladding  refractive  indices  provided  practical  design  tools  that  could 
be  directly  applied  to  MOF  fiber  laser  design. 

To  make  practical  use  of  combining  the  MOF  concept  with  the  large  doping  capabilities  in 
phosphate  glasses  we  developed  the  technology  to  fabricate  fiber  with  microstructured  fiber  cladding 
from  phosphate  glasses.  To  the  best  of  our  knowledge  we  are  worldwide  the  only  group  that  fabricates 
phosphate  glass  fiber  with  micrometer  size  holes  running  along  the  fiber  length.  Design  and  realization  of 
one  of  the  first  microstructured  active  phosphate  fiber  is  shown  in  figure  3.  Successively,  we  fabricated 
various  large  core  microstructured  fibers  and  compared  theoretical  predictions  with  experimentally 
observed  modal  structures.  In  particular,  we  carried  out  the  first  systematic  study  on  how  negative  core¬ 
cladding  index  difference  influences  the  modal  behavior  of  microstructured  optical  fiber. 


(a)  (b) 

Fig.  3.  (a)  Illustration  of  the  stacking  scheme  and  (b)  microscopic  image  of  one  of  the  first 
microstructured  phosphate  fibers  with  125  pm  outer  diameter. 

Using  such  novel  design  we  fabricated  a  microstructured  gain  fiber  that  combined  both 
advantages  -  large  mode  area  through  special  fiber  design  and  high  Er  and  Yb  doping  levels  (again,  we 
started  doping  levels  of -1  wt%  Er203  and  -2  wt%  Yb203)  that  are  only  possible  in  phosphate  glass.  Gain 
fiber  with  an  active  core  area  larger  than  500  pm2  was  first  applied  to  build  an  ultra  compact  cladding- 
pumped  fiber  laser  with  more  than  3  W  single  mode  output  power  as  shown  in  figure  4.  We  demonstrated 
that  while  the  modal  properties  change  dramatically  changing  the  sizes  of  the  air  holes  in  the  cladding 
(from  highly  multi-mode  to  single  mode)  the  fiber  laser  output  power  remained  almost  constant  due  to  the 
unchanged  core  material  and  area. 
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975  nm  pump  power:  W 


Fig.  4.  Signal  output  vs.  pump  power  of  two  MOF  lasers  with  different  cladding  hole  diameters  but  same 
period.  The  dots  correspond  to  d/A=0.19  and  the  triangles  represent  d/A=0.50.  The  right  picture  shows  the 
recorded  far  field  pattern  of  the  single  mode  laser  with  d/A=0.19. 


Successively  we  increase  the  concentration  of  Yb203  to  8  wt%  in  the  active  core  of  a 
microstructured  fiber.  Although  we  used  an  even  shorter  piece  of  gain  fiber  of  only  3.5  cm  length,  4.7  W 
of  cw  fiber  laser  output  could  be  demonstrated  (see  figure  5)  corresponding  to  a  yield  above  1.3  W  per 
cm.  Converting  multi-mode  pump  (975  nm)  into  single-mode  signal  (1535  nm)  a  slope  efficiency  of 
-20%  with  respect  to  the  launched  pump  could  be  achieved  in  this  ultra  compact  fiber  laser. 

This  record-breaking  single  mode  fiber  laser  with  continuous  wave  output  powers  beyond  1.3  W 
per  cm  of  active  fiber  length  was  achievement  as  a  result  of  several  loops  of  materials  and  device 
improvements  that  have  been  documented  in  a  series  of  journal  publications  during  the  project.  This 
research  opened  new  avenues  to  develop  Watt-level  single-frequency  light  sources  at  the  1550nm 
wavelength  band. 

Microstructured  optical  fibers  are  certainly  amongst  the  most  active  research  areas  in  fiber 
technology  and  a  lot  of  challenges  remain  before  the  full  potential  can  be  exploited.  Their  design 
flexibility  and  multiple  promising  applications  foster  rapid  progress  in  fabrication  technologies.  Besides 
the  demonstrated  benefits  for  cm-sized  Watt-level  light  sources,  microstructured  fibers  will  also  facilitate 
improvements  in  kW-level  fiber  lasers,  pulsed  fiber  lasers,  and  amplifiers  with  high  peak  powers. 
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Launched  975  nm  Pump  Power  [W] 


Fig.  5.  Signal  vs.  launched  pump  power  of  a  3.5-cm  phosphate  microstructured  fiber  laser. 


5.2.  Watt-level  Single-Frequency  Fiber  Lasers 

The  generation  of  high-power  narrow-linewidth  coherent  radiation  near  1550  nm  from  a  compact 
fiber  laser  source  is  of  great  interest  because  of  its  applications  in  telecommunications,  interferometers, 
and  sensing  instruments.  Since  the  first  demonstration  of  single  longitudinal-mode  fiber  lasers,  many 
successful  single-frequency  operations  with  fiber  lengths  of  a  few  centimeters  and  powers  in  the  mW- 
range  were  reported  by  several  groups  of  scientists.  Because  of  the  lack  of  powerful  single-mode  pump 
diodes  and  small  core  sizes,  these  core -pumped  single-frequency  fiber  lasers  are  not  able  to  generate  W- 
level  powers.  Although  the  use  of  multistage  amplifiers  can  boost  the  single-frequency  output  power  to 
the  several-hundred-watts,  it  is  still  a  challenging  task  to  obtain  watt-level  single-frequency  output,  which 
can  preserve  a  high  signal-to-noise  ratio,  directly  from  fiber  oscillators. 

One  of  the  key  elements  of  a  single-longitudinal  mode  fiber  laser  is  a  single-mode  Er-Yb  doped 
phosphate  fiber.  Heavily  Er/Yb  co-doped  phosphate  glass  fibers  have  been  successfully  used  in  high-gain 
short-length  amplifiers  and  lasers,  as  reported  previously.  Compared  with  other  common  host  materials, 
e.g.,  silica  glass,  phosphate  glass  has  a  much  higher  solubility  of  rare-earth  ions  and  low  clustering 
effects,  which  allow  the  ion  doping  level  to  be  increased  without  significantly  enhancing  the  detrimental 
fluorescence-quenching  process.  In  addition,  phosphate  glass  has  bigger  phonon  energy,  leading  to  a 
higher  transfer  rate  of  energy  from  Yb  to  Er  ions.  Some  glasses  of  our  single-frequency  fiber  lasers  were 
provided  by  NP  Photonics,  Inc. 

End-pumped  Single  Frequency  Fiber  Laser 

Within  this  project  last  we  reported  on  two  different  linear  cavity  end-pumped  single-frequency 
fiber  lasers.  The  first  device  demonstration  utilized  an  optimized,  yet  conventional  step-index  gain  fiber, 
while  the  most  recent  device  is  based  on  a  large  core  microstructured  gain  fiber.  In  both  gain  fibers  high 
doping  levels  enabled  sufficient  absorption  of  multi-mode  pump  light  launched  into  the  cladding.  The 
layout  of  our  single-frequency  lasers  is  shown  in  figure  6.  The  pump  light  is  coupled  into  the  gain  fiber 
cladding  through  a  dielectric  mirror  that  is  transparent  for  the  975  nm  pump  wavelength  and  highly 
reflective  (broadband)  at  wavelengths  around  1.5  microns.  Narrow-band  FBGs  (fabricated  in-house  at  the 
College  of  Optical  Sciences  in  Arizona)  at  the  output  end  of  the  fiber  laser  enabled  the  selection  of  a 
single  longitudinal  laser  mode. 
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Fig.  6.  Schematic  of  the  single-frequency  fiber  laser. 

With  the  conventional  gain  fiber  we  already  achieved  more  than  1  W  of  single  frequency  output 
as  shown  in  figure  7.  The  figure  also  demonstrates  that  we  could  approximately  double  the  single¬ 
frequency  output  utilizing  a  microstructured  fiber  with  a  larger  doped  core.  Utilizing  the  microstructured 
fiber  provides  another  inherent  advantage:  the  noncircular  symmetry  of  the  core  results  in  polarization 
mode  discrimination  while  in  step-index  fibers  special  polarization  maintaining  fiber  has  to  be  used  to 
break  the  polarization  degeneracy.  Our  new  concept  enabled  for  the  first  time  the  utilization  of  readily 
available,  high-power,  multimode  laser  diodes  to  pump  single-frequency  fiber  lasers  and  boost  their 
output  power  to  the  level  of  several  Watts. 


Fig.  7.  Signal  output  vs.  pump  power  of  two  single -frequency  laser  using  3.8  cm  of  active  microstructured  fiber  (red 
circles)  and  4  cm  of  active  step-index  fiber  (blue  circles),  respectively. 

Side  pumping  scheme  for  short,  heavily  doped  phosphate-glass  fibers 

In  order  to  make  fiber  lasers  based  on  heavily  doped  phosphate-glass  fibers  robust,  alignment- free  and 
potentially  low-cost  we  have  devised  a  scalable  side-pumping  scheme  for  these  fibers.  The  approach  is 
schematically  shown  in  Figure  17.  In  this  scheme,  the  active  fiber  is  surrounded  by  several  passive  pump 
delivery  fibers,  and  the  bundle  is  held  together  by  a  thin  tube  made  of  a  low-refractive  index  polymer.  The 
walls  of  the  tube  are  as  thin  as  35  pm.  The  heat  generated  in  the  bundle  during  operation  of  the  laser,  is 
efficiently  dissipated  by  placing  the  bundle  on  an  aluminum  heat  sink. 
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Fig.  17.  Schematic  diagram  of  the  side-pumping  scheme  for  short,  heavily  doped 
phosphate-glass  fibers.  The  estimated  pump  absorption  in  10  to  15cm-long  bundle  is 
50%. 


To  demonstrate  the  viability  of  this  pumping  method,  we  built  a  simple  and  short  multi-mode  fiber 
laser  operating  at  1.5pm.  A  single  12cm-long  strand  of  a  doped  phosphate-glass  fiber  acts  as  an  active 
medium  of  the  laser.  The  diameters  of  the  core  and  the  cladding  of  the  active  fiber  are  18  pm  and  125  pm, 
respectively,  and  the  core  is  co-doped  with  1%  Er203  and  8%  of  Yb203  (by  weight).  The  active  fiber  has 
NA=0.2,  and  thus  supports  multiple  spatial  modes  for  the  laser  light. 

The  active  fiber  is  surrounded  by  six  coreless  silica  fibers  creating  twelve  independent  entrance  points  for 
the  pump  light.  The  laser  resonator  is  formed  by  the  4%  Fresnel  reflections  at  the  two  cleaved  ends  of  the 
active  fiber. 

The  laser  threshold  occurs  at  1.6W  of  combined  pump  power.  As  the  pumping  is  increased,  the  output 
power  reaches  5W,  and  the  optical-to-optical  slope  efficiency  of  this  laser  is  24%,  which  is  close  to  the 
theoretical  maximum  with  respect  to  the  estimated  absorbed  pump. 

Single-frequency  (SF)  fiber  laser  oscillators  based  on  side-pumped  phosphate  active  fibers 

Using  our  side-pumping  scheme,  we  have  demonstrated  Watts-level,  fully  integrated  SF  fiber-laser 
oscillators  at  1.5pm.  A  SF  fiber  laser  with  direct  output  in  the  Watts  range  has  various  applications  in 
nonlinear  optics,  remote  sensing  and  free-space  communications.  In  addition,  if  used  as  a  master 
oscillator  in  a  high-power  Master-Oscillator-Power- Amplifier  (MOP A)  system  instead  of  a  mW-level 
DFB  fiber  laser,  the  Watt-level  MO  will  allow  for  eliminating  several  low-power  amplification  stages. 
Furthermore,  compared  to  an  amplified  SF  laser  system,  a  stand-alone  laser  oscillator  offers  a  superior 
ASE-noise  performance  that  can  be  critical  in  some  applications. 

All  of  our  SF  CW  fiber  lasers  utilize  a  same  type  of  active  phosphate  fiber.  The  fiber  has  14pm  core, 
125  pm  cladding,  and  the  core  of  the  fiber  is  uniformly  doped  with  1%  of  Er203  and  8%  of  Yb203.  In 
order  to  integrate  the  phosphate  fibers  with  conventional  silica  fibers,  we  have  developed  a  process  for 
reliable  fusion-splicing  between  thermally  dissimilar  fibers.  Photographs  of  two  such  splices  are  shown  in 
Figure  18.  One  of  the  splices  is  performed  on  the  fibers  cleaved  at  an  angle,  thus  eliminating  the  back- 
reflection  off  the  splice  point. 
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Fig.  18.  Fusion  splice  between  phosphate  and  silica  fibers.  The  typical  splice  strength  is 
half  of  that  between  two  silica  fibers,  and  the  splice  loss  is  consistent  with  the  mode 
mismatch  between  the  fibers.  (~0.5dB  in  this  particular  case) 

In  general,  the  output  power  of  a  SF  laser  oscillator  with  a  standing-wave  cavity  is  limited  by  the 
spatial  hole-burning  effect.  In  operation  of  a  standing-wave  cavity  laser,  the  gain  medium  is  under¬ 
saturated  in  the  nodes  of  the  standing-wave  pattern.  As  a  result,  a  second  longitudinal  mode,  which  has 
the  least  overlap  with  primary  oscillating  mode,  will  overcome  threshold  and  make  the  laser  multimode, 
at  a  particular  finite  level  of  pumping. 

The  natural  approach  of  combating  the  spatial  gain  hole-burning  effect  is  by  making  the  oscillator 
cavity  shorter.  However,  this  approach  has  its  limitations:  Under  practical  conditions,  the  laser  cavity  has 
to  be  as  short  as  -3  to  5cm  in  order  for  the  laser  to  remain  single-frequency  at  ten  times  above  threshold, 
which  is  a  somewhat  typical  operation  point. 

Two  alternative  ways  of  eliminating  spatial  gain  hole-burning  are  known:  Lasers  that  utilize 
unidirectional  ring  cavity  and  the  so-called  twisted-mode  cavity  are  free  from  this  effect,  as  there  is  no 
standing- wave  field  pattern  formed  in  the  active  medium.  We  have  implemented  both  of  these  approaches 
in  all-fiber  format,  and  generated  1 W  and  2W  of  average  power  with  SF  ring-cavity  and  twisted-mode 
cavity  oscillators,  respectively,  at  1.5pm  wavelength. 

Single-frequency  ring  fiber  laser  with  1W  output  power  at  1.5pm 

The  laser  is  shown  schematically  in  Figure  19.  The  length  of  the  active  phosphate  fiber  in  the 
oscillator  cavity  is  1 1cm,  and  the  total  cavity  length  is  50cm.  In  order  to  introduce  an  additional 
discrimination  between  the  longitudinal  modes  of  the  oscillator,  a  sequence  of  two  fiber-Bragg  gratings  is 
used  as  an  output  coupler.  The  two  gratings  act  as  a  low-finesse  Fabry-Perot  etalon  and  modulate  the 
amount  of  feedback  in  the  frequency  domain.  A  short  piece  of  polarizing  fiber  is  spliced  into  the  laser 
cavity,  and  the  unidirectional  operation  of  the  oscillator  is  enforced  by  the  non-reciprocal  optical 
circulator. 
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Fig.  19.  Schematic  diagram  of  the  ring  SF  fiber  oscillator  based  on  phosphate  active 
fiber.  A  sequence  of  two  fiber-Bragg  gratings  provides  additional  wavelength  selectivity. 

The  output  power  of  this  laser  exceeds  1W  at  19W  of  combined  pump  power,  which  corresponds  to 
-5%  slope  efficiency.  The  single-frequency  operation  is  monitored  by  using  the  optical  heterodyne 
technique,  in  which  the  attenuated  output  of  the  ring  laser  is  mixed  with  the  output  of  a  stable  single¬ 
frequency,  tunable  laboratory  laser  source,  using  a  fiber  coupler.  Using  this  technique,  the  single¬ 
frequency  operation  of  the  ring  oscillator  was  confirmed  throughout  the  entire  range  of  the  output  power. 
Figure  20  shows  a  typical  RF  heterodyne  signal  recorded  in  our  experiments. 
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Fig.  20.  RF  spectrum  of  the  beat  signal  between  the  ring  fiber  oscillator  and  a  tunable 
single-frequency  laboratory  laser.  The  single  peak  corresponds  to  the  single-frequency 
operation  of  the  test  source. 

Single-frequency  twisted-mode-cavity  fiber  laser  with  2W  output  power  at  1.5pm 

In  this  approach,  the  spatial  gain  hole-burning  effect  is  eliminated  by  using  a  fiber  oscillator  in  the 
twisted-mode  cavity  configuration.  The  setup  is  shown  schematically  in  Figure  21.  The  optical  feedback 
in  the  laser  is  provided  by  Bragg  gratings  spliced  into  the  cavity.  One  of  the  gratings  is  written  into  a  PM- 
fiber;  it  has  a  bandwidth  of  0.05nm  and  a  peak  reflection  of  20%.  Due  to  the  refractive  index  difference 
for  the  two  linearly  polarized  eigenmodes  of  the  PM  fiber,  the  reflection  peaks  for  the  two  polarizations 
are  separated  by  0.4nm,  in  the  wavelength  domain.  An  80%  reflective,  single-mode  Bragg  reflector  at  the 
other  end  of  the  cavity  is  fabricated  such  that  its  reflection  band  overlaps  with  that  of  the  PM  grating  for 
only  one  polarization.  Thus  the  laser  cavity  naturally  acts  as  a  linear  polarizer.  The  total  cavity  length  of 
the  laser  is  20cm,  which  corresponds  to  the  longitudinal  mode  spacing  of  500MHz,  twelve  times  narrower 
than  the  3dB  bandwidth  of  the  PM  fiber  grating.  Two  short  pieces  of  a  standard  PM  Panda  fiber  are 
spliced  at  either  end  of  the  active  fiber.  The  length  of  the  PM  fiber  segments  is  chosen  equal  to  one 
quarter  of  the  polarization  beat-length  in  the  fiber,  thus  these  segments  act  as  ultra-compact  and  robust 
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quarter- waveplates.  At  the  splice  point  between  the  PM  fiber  grating  and  the  adjacent  waveplate,  the 
birefringent  axes  of  the  two  have  been  aligned  at  45°  with  respect  to  each  other.  The  waveplates 
manipulate  the  polarization  state  of  the  oscillating  cavity  mode.  As  a  result,  the  two  counter-propagating 
waves  inside  the  cavity  have  circular  polarizations  which  are  orthogonal  to  each  other.  Thus  there  is  no 
standing-wave  intensity  pattern  formed  in  the  active  fiber,  and  the  spatial  gain  hole-burning  is  eliminated. 
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Fig.  21.  Schematic  diagram  of  the  all-fiber  twisted-mode  cavity  oscillator.  Two  short 
pieces  of  PM  fiber  at  the  either  end  of  the  active  fiber  act  as  ultra-compact  quarter- 
waveplates. 

As  with  the  ring  laser,  the  single-frequency  operation  throughout  the  full  range  of  output  power  was 
confirmed  using  the  optical  heterodyne  technique.  At  the  maximum  power  level,  the  laser  generates  2W 
of  output  power  at  20W  of  total  applied  pump  at  975nm.  This  power  performance  is  record-high  among 
all  single-frequency  fiber  laser  oscillators  reported  to-date.  An  additional  advantage  of  this  device  is  in  the 
fact  that  the  output  light  from  the  laser  is  linearly  polarized  and  delivered  through  the  polarization- 
maintaining  fiber  pigtail. 
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Fig.  8.  Signal  output  of  selected  single  frequency  fiber  lasers  and  the  year  when  they  have  been 
demonstrated.  The  introduction  of  cladding  pumped  single  frequency  lasers  advanced  their  output  power 
by  more  than  one  order  of  magnitude. 

In  figure  8  the  advancement  of  the  output  power  of  selected  single  frequency  fiber  lasers  is 
shown.  Conventional  core  pumped  lasers  have  been  limited  to  output  levels  of  about  100  mW.  Our 
introduction  of  cladding  pumped  single  frequency  fiber  lasers  enabled  an  increase  in  output  power  of 
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more  than  an  order  of  magnitude.  Such  high  power  single  frequency  lasers  will  find  applications  in 
remote  sensing,  advanced  interferometry,  and  coherent  beam  combination  though  phase-locking  schemes. 


5.3  Spin-off  Compact  Phosphate  Fiber  Laser  Development 


This  section  details  an  important  series  of  spin-off  applications  that  take  advantage  of  the 
compact,  highly-doped  phosphate  fibers  developed  under  this  project. 

Gain-guided  Yb-doped  phosphate-fiber  lasers 

Due  to  the  smaller  quantum  defect,  Ytterbium-doped  fibers  emitting  at  1pm  are  typically  more 
efficient  than  their  Erbium-doped  counterparts  with  the  emission  at  1.5pm.  Furthermore,  the  solubility  of 
Ytterbium  oxide  in  phosphate  glasses  is  by  an  order  of  magnitude  higher  compared  to  that  of  Erbium 
oxide.  That  allows  for  fabrication  of  Ytterbium-doped  phosphate  fibers  with  truly  massive  doping 
concentrations  of  up  to  20%  and  beyond.  Experiments  with  Ytterbium-doped  phosphate  fibers  were 
generally  beyond  the  scope  of  this  program  which  was  mainly  focused  on  development  of  eye-safe  lasers. 
We  however  have  fabricated  several  types  of  Ytterbium-doped  phosphate  fibers  and  experimentally  found 
that  these  fibers  can  be  very  promising  in  constmction  of  compact  fiber  lasers  based  on  gain  guiding. 

In  our  experiments,  we  used  three  types  of  phosphate  Yb-doped  fibers  fabricated  by  drawing  from  rod- 
in-a-tube  fiber  preforms.  The  fiber  parameters  such  as  doping  concentrations,  core/cladding  dimensions, 
and  numerical  apertures  (NA)  are  summarized  in  Table  I.  An  important  circumstance  is  that  the  fiber  NA 
is  calculated  from  the  values  of  refractive  indices  of  the  core  and  the  cladding  which  are  measured  in  the 
absence  of  optical  pumping.  The  value  of  NA  can  change  dramatically  if  the  fiber  is  optically  pumped, 
causing  switching  between  index  guiding,  index  anti-guiding,  and  gain  guiding,  at  various  levels  of 
applied  pump  power. 


Yb203 

Core 

Clad. 

NA 

MFD 

Fiber  1 

20  wt.% 

12.5  um 

125  um 

0.085 

1 1 .6  um 

Fiber  2 

12  wt.% 

12.5  um 

125  um 

0.09 

1 1 .2  um 

Fiber  3 

6  wt.% 

10  um 

125  um 

0.07 

12.0  um 

Table  I.  Parameters  of  the  three  Ytterbium-doped  phosphate  fibers  used  in  the 
experiments  on  gain  guiding. 

In  order  to  demonstrate  the  potential  of  generating  high  optical  power  at  around  1pm  wavelength  with 
heavily  Yb-doped  fibers,  we  have  constructed  simple  fiber-laser  oscillators  utilizing  15cm-long  pieces  of 
the  three  fibers  from  Table  I.  The  optical  feedback  was  provided  by  Fresnel  reflections  off  the  cleaved 
end-facets  of  the  fibers.  Thus  the  power  output  from  the  laser  oscillators  was  evenly  divided  between  the 
two  ends  of  the  active  fiber.  The  fibers  were  pumped  using  the  side -pumping  technique  described  above. 
The  combined  output  power  for  the  three  laser  samples,  versus  total  applied  pump  power  at  975nm  is 
shown  in  Fig.  22.  We  estimate  that  -50%  fraction  of  the  pump  light  has  actually  penetrated  into  the 
cladding  of  the  active  fiber  in  our  side-pumping  scheme,  resulting  in  the  estimated  slope  efficiencies  of 
85%,  50%  and  35%,  for  the  doping  concentrations  of  20%,  12%  and  6%,  respectively.  As  expected,  the 
oscillator  utilizing  active  fiber  with  20%  doping  yielded  the  highest  output  power,  and  the  slope 
efficiency  with  this  fiber  was  close  to  the  theoretical  maximum.  In  addition  to  substantially  lower  slope 
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efficiency,  the  device  based  on  the  6%  fiber  exhibited  a  power  roll-off  at  the  pump  power  level  of  ~10W. 
The  roll-off  limited  the  maximum  output  power  attainable  from  a  15cm-long  strand  of  such  fiber  by  2W. 


Combined  pump  power  at  975nm,  W 

Figure  22.  Combined  output  power  from  15cm-long  side-pumped  fiber-laser  samples 
with  three  different  doping  concentrations. 

The  undesirable  feature  that  severely  limits  the  use  of  the  efficient  fiber-laser  oscillator  with  20% 
Ytterbium-doped  fiber  is  an  extreme  multimode  nature  of  the  spatial  emission  pattern  and  the  associated 
low  brightness.  Even  though  in  the  un-pumped  state  the  fiber  has  a  low  value  of  NA  and  the  fiber  V- 
number  at  1.05pm  wavelength  is  3.179,  close  to  the  value  of  2.405  required  for  the  single-mode 
operation,  the  laser  based  on  that  fiber  is  highly  multi-mode.  Extremely  large  divergence  of  light  emitted 
by  the  fiber  indicates  that  the  light  in  the  fiber  laser  is  predominantly  guided  by  the  cladding,  and  not  by 
the  core. 

In  order  to  quantify  the  dependence  of  the  waveguiding  properties  in  the  three  fibers  on  the  level  of 
pump  power,  we  have  used  the  following  simple  experimental  setup  in  which  a  seed  light  from  a 
broadband  pigtailed  LED  at  1.05pm  is  amplified  in  4cm-long  amplifiers  that  utilize  three  different  Yb- 
doped  phosphate  fiber  samples  with  parameters  summarized  in  the  Table  I.  In  these  experiments,  the 
amplifiers  operate  in  the  linear  regime  as  lmW  of  power  emitted  by  the  seed  LED  is  not  nearly  enough 
for  saturating  the  amplifiers.  At  the  highest  level  of  pumping,  the  amplifiers  produce  several  dBs  of  gain. 

The  experimental  results  for  the  measured  mode-field  diameter  (MFD)  as  a  function  of  the  pumping 
level  in  the  three  fiber  samples  are  shown  in  Fig.  23.  Systematic  size  variations  of  the  guided  fiber  mode 
with  pumping  are  evident  in  all  three  fibers.  The  initial  growth  of  the  MFD  with  pumping  level  is 
consistent  with  the  decreasing  refractive-index  step  between  the  core  and  the  cladding.  When  the  level  of 
pumping  is  further  increased,  the  fiber  may  become  gain-guiding.  In  that  case  the  MFD  of  the  guided 
fiber  mode  is  decreased.  Both  of  these  guiding  regimes  can  be  clearly  identified  in  the  case  of  the  20% 
doping.  With  the  12%  fiber,  the  weakening  of  the  index  guiding  with  pumping  level  is  clear,  although  the 
onset  of  gain-guidance  is  less  pronounced. 

Even  with  the  lowest  doping  concentration  of  6%,  the  change  of  the  MFD  induced  by  pumping  is 
considerable  and  needs  to  be  accounted  for  when  a  practical  single-mode  fiber  with  such  concentration  of 
doping  is  designed  and  integrated  into  a  fiber-laser  system.  These  results  demonstrate  the  potential  of  the 
heavily  Ytterbium-doped  fibers  in  short  fiber  oscillators  based  on  gain  guiding.  The  massive  doping 
concentrations  that  are  attainable  in  phosphate  fibers  make  this  approach  to  power  scaling  extremely 
promising. 
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Figure  23.  Mode-field  diameter  of  the  output  beam  for  short  Ytterbium-doped  fiber  amplifiers 

with  different  concentration  of  doping. 

Modelocked  fiber-laser  oscillators  with  high  average  power  and  high  repetition  rates 
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Figure  24.  Top:  Schematic  diagram  of  the  short  fiber-laser  oscillator  modelocked  with  a 
semiconductor  saturable-absorber  mirror  (SESAM).  The  fundamental  pulse  repetition 
rate  of  the  oscillator  is  550MHz.  Bottom:  Autocorrelation  trace  of  the  transform-limited 
pulse  generated  by  the  source. 
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Ultrafast  lasers  find  applications  in  diverse  areas  of  science  and  technology  such  as  material 
processing,  free-space  communications,  nonlinear  optics,  spectroscopy,  optical  frequency 
metrology,  etc.  Fiber-based  sources  of  ultrashort  pulses  can  be  an  attractive  replacement  for  their 
counterparts  based  on  bulk  optics.  In  certain  applications  such  as  communications  and  optical 
frequency  metrology,  the  high  pulse  repetition  rate  is  an  important  attribute  of  the  laser  source. 
Since  the  fundamental  repetition  rate  of  a  passively  modelocked  laser  oscillator  is  inversely 
proportional  to  the  laser  cavity  length,  fiber-laser  sources  based  on  short  and  heavily  doped 
phosphate  fibers  have  advantages  compared  to  lasers  based  on  conventional  meters-long  doped 
fibers  made  of  fused  silica. 

As  a  spin-off  project  of  this  MRI,  we  have  developed  various  modelocked  fiber-laser 
oscillators  based  on  Er:Yb  co-doped  phosphate-glass  fibers.  In  particular,  using  a  carbon 
nanotube-based  saturable  absorber  and  active  fiber  only  lcm-long,  we  have  demonstrated  an 
oscillator  with  the  fundamental  pulse  repetition  rate  of  10GHz  and  average  power  of  30mW. 
Using  a  more  conventional  semiconductor  saturable  absorber  mirror  (SESAM)  modelocker,  we 
have  demonstrated  a  simple  oscillator  with  550MHz  pulse  repetition  rate  and  775mW  of  average 
power.  The  device  is  shown  schematically  in  Figure  24,  together  with  the  autocorrelation  trace  of 
the  generated  transform-limited  pulse. 

Even  higher  average  power  levels  can  be  attained  by  adjusting  the  spot  size  on  the  SESAM  via 
adiabatic  tapering  the  single-mode  fiber  which  is  butt-coupled  to  the  absorber.  Using  this 
approach,  we  have  demonstrated  a  picosecond  fiber-laser  oscillator  with  100MHz  repetition  rate 
and  2.4W  of  average  power  at  1.5pm. 

An  alternative  way  of  generating  ultrashort  pulses  at  high  repetition  rates  is  by  using  the  so- 
called  harmonic  modelocking,  when  multiple  pulses  simultaneously  co-exist  in  the  fiber-laser 
cavity.  Using  a  20cm-long  segment  of  a  side-pumped,  heavily-doped  phosphate-glass  fiber  inside 
a  2m-long  unidirectional  ring-cavity  oscillator,  we  have  demonstrated  a  Watt-level  emission  of 
soliton  pulses  at  repetition  rates  adjustable  between  1.5GHz  and  7.2GHz  which  is  the  75th 
harmonic  of  the  fundamental  cavity  frequency.  The  schematic  diagram  of  this  fiber  laser  is  shown 
in  Figure  25,  together  with  the  autocorrelation  trace  of  the  shortest  pulse  attainable  from  this  laser 
source.  The  pulses  are  perfect  transform-limited  hyperbolic  secants  with  FWHM  pulse  width  of 
300fs.  (Corresponding  FWHM  of  the  autocorrelator  is  450fs.) 


Polarization  control 


Time,  ps 


Figure  25.  Left:  Schematic  diagram  of  the  harmonically  modelocked  ring  fiber-laser 
oscillator  with  the  repetition  rate  adjustable  via  intra-cavity  polarization  control.  Right: 
Autocorrelation  trace  of  the  shortest  pulse  attainable  from  the  oscillator. 

Distortion-free  amplification  of  ultrashort  pulses  in  short  phosphate-fiber  amplifiers 

Amplification  of  ultrashort  (picosecond  or  shorter)  pulses  in  doped  fibers  is  limited  by  the  onset 
of  nonlinear  processes  in  the  fiber  amplifier  such  as  self-phase  modulation  and  stimulated  Raman 
scattering.  As  an  example,  a  practical  limit  on  peak  power  directly  attainable  by  amplification  of  multi-nJ 
pulses  at  1.5pm  in  a  standard  lm-long  single-mode  doped  fiber  with  10pm  core  is  about  lkW.  Beyond 


34 


this  level,  the  pulses  become  broken  into  soliton  sub-pulses  with  low  energy,  and  the  peak  power  cease  to 
grow  with  further  amplification. 


Side-pumped  Er/Yb  fiber 


Oscillator 


PC 


SESAM 


Figure  26.  Single-stage  MOPA  system  based  on  heavily  Er:Yb  co-doped  active  fiber. 
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Figure  27.  Autocorrelation  trace  and  optical  spectrum  of  the  picosecond  pulses  before 
(top)  and  after  (bottom)  amplification.  The  three-peaked  feature  in  the  bottom  spectrum  is 
indicative  of  a  moderate  spectral  broadening  due  to  the  self-phase  modulation  in  the  short 
fiber  amplifier. 

Several  methods  of  mitigating  the  detrimental  effects  on  nonlinearities  have  been  developed. 

Most  of  them  rely  on  compression  of  amplified  pulses  in  touchy  setups  using  free-space  diffraction- 
gratings.  The  addition  of  bulk  optics  essentially  eliminates  the  main  advantages  brought  about  by  the  fiber 
format  of  the  source,  such  as  robustness  and  immunity  to  misalignments. 

Heavily-doped  phosphate  fibers  offer  a  unique  medium  for  amplification  of  ultrashort  pulses. 
Since  the  doping  concentration  and  the  corresponding  gain  per  unit  fiber  length  in  these  fibers  can  be  by 
about  two  orders  of  magnitude  higher  than  that  in  conventional  silica  fibers,  the  length  of  the  fiber 
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amplifier  can  be  reduced  in  proportion.  Then  the  amplification  of  pulses  occurs  so  rapidly  that  no 
appreciable  pulse  distortion  develops  in  either  spectral  or  temporal  domain. 

We  have  demonstrated  the  validity  of  this  approach  by  amplifying  picosecond  pulses  at  1.5  pm  to 
the  peak  power  level  of  17kW.  The  schematic  of  the  setup  is  shown  in  Figure  26.  Both  the  oscillator  and 
the  amplifier  in  the  single-stage  MOPA  system  are  based  on  heavily  doped  phosphate-glass  fiber.  The 
amplifier  fiber  is  only  15  centimeters  long.  As  a  result,  the  distortion  in  the  amplified  pulses  although 
noticeable,  is  minor.  The  power  density  in  the  fiber  core  at  the  output  of  the  amplifier  is  over  20GW/cm2, 
which  is  the  highest  power  density  ever  reported  with  directly  fiber-amplified  ultrashort  pulses.  There  is  a 
clear  potential  for  further  peak-power  scaling  with  the  core  size  of  the  active  fiber. 

Efficient  frequency  conversion  of  infrared  picosecond  sources  into  the  visible  in  cascaded 
PPLNs  at  room  temperature 

Clean  picosecond  pulses  produced  by  the  phosphate-fiber  MOP  As  are  ideally  suited  for  nonlinear 
frequency  conversion.  An  essential  ingredient  for  viable  wavelength  conversion  of  pulsed  infrared  fiber 
lasers  into  the  visible  came  with  recent  developments  in  the  periodically-poled  Lithium  Niobate  (PPLN) 
technology  in  M.  Fejer’s  group  at  Stanford  that  we  collaborate  with.  Until  recently,  operating  PPLN 
devices  at  high  levels  of  average  power  required  heating  the  crystals  by  ~100°C  in  order  to  avoid  the 
detrimental  photorefractive  effects.  Combination  of  MgO  doping  with  near-stoichiometric  composition  of 
LiNb03  allows  for  superior  high-power  performance  at  room  temperature. 

We  have  recently  demonstrated  a  viable  laser  transmitter  for  undersea  optical  communications 
(OCOMM)  using  an  efficient  two-step  nonlinear  conversion  of  a  picosecond  fiber-laser  system  at  1.5pm. 
Operation  in  the  spectral  window  from  350nm  to  580nm  is  essential  for  this  application  because  shallow 
to  mid-depth  seawater  has  an  absorption  minimum  in  the  blue-green.  In  principle,  green  light  could  be 
produced  by  second-harmonic  generation  of  an  Yb-doped  fiber-laser  source  operating  at  1pm.  However, 
using  third-harmonic  generation  of  a  1.5pm  source  has  two  practically  important  added  benefits:  First,  a 
multitude  of  reliable  and  inexpensive  fiber-optic  components  developed  for  telecom  can  be  utilized  in 
construction  of  the  fiber-laser  source.  Second,  1.5pm  light  is  eye-safe,  thus  the  modulated  fiber  laser 
itself,  prior  to  the  wavelength  conversion,  can  be  used  as  a  backup  eye-safe  OCOMM  transmitter  for 
communications  above  water. 

In  our  demonstration,  high-power  picosecond  pulses  at  1.5pm  were  produced  by  amplification  of 
a  passively  modelocked  fiber-laser  oscillator  in  15cm-long  heavily  Er-Yb  co-doped  phosphate-glass  fiber. 
The  system  generates  clean,  transform-limited  pulses  with  3ps  duration,  0.9nm  bandwidth  and  5kW  peak 
power.  The  average  power  of  the  generated  infrared  light  is  1 W.  Digital  information  is  encoded  onto  the 
fundamental  modelocked  pulse  train  by  pulse  picking  with  a  commercial  fiber-pigtailed  electro-optic 
intensity  modulator  (EOM).  The  EOM  is  spliced  between  the  oscillator  and  the  amplifier,  where  the 
average  power  level  is  low. 

The  efficient  nonlinear  wavelength  conversion  takes  place  in  two  consecutive  PPLN  crystals. 

Both  crystals  are  MgO-doped  and  operate  at  room  temperature.  The  first  lmm-long  PPLN  doubles  the 
frequency  of  the  incoming  infrared  light.  The  second  crystal  is  3mm-long,  and  it  has  a  period  chosen  for 
first-order  quasi  phase-matching  of  sum- frequency  mixing  of  the  generated  second  harmonic  with  the 
leftover  fundamental  at  1.5pm.  Since  the  nonlinear  conversion  occurs  in  a  single  pass,  the  system  is 
virtually  alignment-free. 

In  the  demonstration,  neither  PPLN  crystals  nor  focusing  lenses  were  AR-coated.  The  conversion 
efficiency  from  1.5pm  into  green  is  14%,  and  it  can  be  straightforwardly  increased  three-fold  by  using 
AR-coated  optics  in  the  setup.  Furthermore,  considerably  higher  pulse  repetition  frequencies  than  the 
demonstrated  65MHz  can  be  achieved  by  using  a  faster  modelocked  master  oscillator  in  the  MOPA 
system. 
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Figure  28.  Top:  Setup  for  the  two-step  nonlinear  conversion  of  a  picosecond  fiber  MOPA 
system  at  1.5pm  into  the  blue-green.  Bottom:  Optical  spectra  of  the  fundamental  and  the 
generated  second  and  third  harmonic  signals,  on  linear  scale. 

Efficient  energy  storage  in  highly-doped  phosphate  fibers  for  applications  in  fiber  CPA 
systems  and  amplification  of  nanosecond  pulses 

Another  exciting  development  leading  to  new  applications  of  phosphate-glass  fibers  in  pulse 
amplification  is  the  recent  demonstration  of  efficient  energy  storage  in  these  fibers.  In  these  experiments, 
sub-20  nanosecond  pulses  at  1.5pm  wavelength  produced  by  an  actively  Q-switched  all-fiber  oscillator 
are  amplified  in  15cm-long,  side -pumped  phosphate  fibers  doped  with  1  wt.%  of  Er203  and  8  wt.%  of 
Yb203.  Two  different  active  fibers  are  used  in  the  experiments,  with  the  core  diameters  of  14pm  and 
25pm  (The  values  of  the  fiber  NA  in  these  two  cases  are  0.08  and  0.2,  respectively,  thus  the  fiber  with  the 
larger  core  is  highly  multimode.)  The  energy  levels  achieved  with  these  fibers  are  105pJ  and  215pJ, 
respectively,  at  a  repetition  rate  of  605Hz.  Because  of  the  short  length  of  the  amplifiers,  the  amplified 
pulses  have  close  to  diffraction-limited  beam  quality  even  in  the  case  of  the  highly  multimode  active  fiber 
with  25pm  core. 

The  experimental  setup  is  shown  in  Figure  29.  The  oscillator  in  the  MOPA  is  actively  Q-switched 
by  a  fiber-pigtailed  acousto-optic  modulator  (AOM).  The  oscillator  produces  nanosecond  pulses  at  a 
variable  pulse-repetition  frequency,  and  the  pulses  are  subsequently  amplified  in  a  short  phosphate-fiber 
amplifier.  The  pulse  energy  versus  pulse  repetition  rate  and  the  temporal  pulse  trace  at  the  highest  energy 
level  are  shown  in  Figure  30. 


Oscillator 


Side-pumped  Er/Yb  fiber 


Amplifier 


<iocm  >  vt 


Polarizer  1 


Figure  29.  Diagram  of  the  nanosecond  MOPA  system  based  on  short  phosphate-fiber  amplifier. 
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Figure  30.  Left:  Pulse  energy  versus  pulse  repetition  rate,  for  two  15cm-long  fiber 
phosphate-fiber  amplifiers  with  different  core  sizes.  Right:  Temporal  trace  of  the  20ns 
pulse  with  215pJ  pulse  energy. 

The  excellent  beam  quality  from  the  multimode-fiber  amplifier  indicates  a  potential  for  further 
energy  scaling  with  the  core  size  without  sacrificing  the  beam  quality  performance.  Using  short  fiber 
amplifiers  based  on  heavily-doped  phosphate  fibers  will  be  instrumental  in  mitigating  the  detrimental 
nonlinear  effects  in  high-energy  pulsed  fiber-laser  sources  including  fiber-based  ultrafast  CPA  systems. 
Our  preliminary  demonstration  is  an  important  milestone  towards  this  goal. 


5.4.  Phase  Locking  in  Monolithic  Multicore  Fiber  Laser 

The  flexibility  of  microstructured  fiber  fabrication  enables  another  approach  to  improve  fiber 
laser  performances,  namely  incorporating  several  active  cores  into  the  same  cladding.  Figure  4  shows 
several  examples  of  multicore  fiber  (MOF)  fabricated  at  the  College  of  Optical  Sciences,  The  University 
of  Arizona.  To  study  the  feasibility  intrafiber  coherent  beam  combining  we  made  fibers  containing  up  to 
36  active  cores. 

Utilizing  fibers  with  multiple  active  cores,  we  demonstrated  a  novel  monolithic  all  fiber  scheme 
to  coherently  combine  the  emission  from  all  active  cores  into  a  single  high  power  laser  beam.  This 
approach  can  provide  a  convenient  and  promising  power-scaling  solution  to  compact  high-power  fiber 
laser  devices.  By  splitting  the  gain  medium  into  discrete  positions  inside  the  cladding,  instead  of 
concentrating  all  active  ions  into  an  oversized  core,  optical  damage  and  thermal  management  problems  of 
high  power  single  core  lasers  can  be  solved.  It  is  therefore  a  complementary  approach  to  large  core  fibers 
that  can  bring  specific  advantages  while  pushing  the  limits  of  achievable  active  core  area  which  remains 
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the  crucial  factor  in  determining  both  the  efficiency  of  multimode  pump  light  absorption  and  the 
maximum  output  power  per  unit  of  fiber  length. 

There  is  a  central  challenge  to  effectively  obtain  high-brightness  output  beams  from  MCF,  an 
essential  feature  to  make  this  design  advantageous  compared  with  conventional  single-core  fiber.  Usually, 
in  a  MCF  with  a  2-D  isometric  array,  if  each  core  is  single-mode  and  neighboring  cores  are  optically 
coupled,  the  MCF  supports  a  number  of  non-degenerated  supermodes  that  is  equal  to  the  number  of  cores. 
Among  all  supermodes,  only  the  in-phase  mode  (all  cores  emit  in  phase)  has  the  preferential  far-field 
intensity  distribution  (Gaussian-like). 


Fig.  9.  Selected  multi-core  phosphate  fibers  made  at  the  College  of  Optical  Sciences  and  their  near  field 

emission  patterns. 
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Fig.  10.  Illustration  of  the  multicore  fiber  laser  device:  both  ends  of  the  multicore  fiber  are  spliced  to 
passive  fibers  that  are  coated  with  dielectric  mirrors  (length  not  to  scale). 
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Fig.  11.  Far-field  intensity  distributions  of  MC19  laser  emissions:  bare  MC19  (a,b);  one  end  spliced  with 
passive  fiber  (c,d);  both  ends  spliced  with  passive  fibers  (e,f).  Pictures  (b),  (d)  and  (f)  are  3-D  views  of 
(a),  (c)  and  (e),  respectively.  All  photos  are  taken  at  -200  mW  of  output  power. 

To  solve  this  problem  and  selectively  establish  the  in-phase  mode  oscillation  the  laser  resonator 
needs  to  be  especially  designed.  Several  coherent  beam  combining  techniques  currently  exist  to  phase 
lock  multiple  emitters  in  fibers,  including  Talbot-cavity,  structured  mirror,  collimating  lens  with  high 
reflector  and  self-Fourier  transform  resonator.  All  these  approaches  involve  free-space  optics,  i.e.,  air 
spacing  and  bulk  optics,  as  part  of  the  laser  cavity.  The  inclusion  of  free-space  optics  not  only  increases 
the  device  size  and  alignment  complexity  substantially,  but  also  decreases  the  laser  efficiency  owing  to 
the  additional  cavity  losses.  More  importantly,  it  also  causes  serious  stability  problems  during  high  power 
laser  operation  because  of  its  susceptibility  to  environmental  and  thermal  disturbances  accompanied  with 
increased  power  level.  To  take  full  advantage  of  fiber  laser  device  characteristics,  i.e.,  the  compact  size  as 
well  as  the  robustness  against  external  disturbances,  the  phase  locking  operation  should  ideally  take  place 
inside  a  confined  waveguide.  We  notice  that  while  there  have  been  all-fiber  approaches  preferring  out-of- 
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phase  supermode  lasing  with  ring-distributed  MCFs  and  in-phase  supermode  amplification  (seeded  by  a 
pulsed  Gaussian  beam)  with  isometric-distributed  MCFs,  there  are  lack  of  reports  on  in-phase  mode 
oscillation  through  monolithic  fiber  device. 

Within  this  project  we  developed  and  experimentally  demonstrated  an  all-fiber  approach  that 
effectively  selects  the  fundamental  in-phase  supermode  of  MCF  lasers.  By  combining  Talbot  and 
diffraction  effects,  we  show  that  the  preferable  supermode  can  be  selected  by  dual  pieces  of  passive 
optical  fibers,  of  appropriate  lengths,  fusion  spliced  to  both  ends  of  a  piece  of  active  MCF  (Fig.  10). 


Fig.  12.  Near-field  distribution  of  the  phase-locked  12-core 
microstructured  Er/Yb  co-doped  phosphate  fiber  laser,  (a) 
Profile  along  the  x  direction,  (b)  near-field  image,  (c)  profile 
along  the  y  direction. 


Diffraction  Angle  (mrad)  Diffraction  Angle  (nrad) 


Fig.  13.  Far-field  intensity  distribution  of  the  phase-locked  12  core  microstructured  Er/Yb 
co-doned  nhosnhate  fiber  laser,  (a)  Far-field  nattern.  (TO  diffraction  nrofile  alone  x 


Based  on  a  19-core  MCF,  such  an  all-fiber  device  has  been  fabricated  and  the  laser  emission 
properties  have  been  studied.  As  demonstrated  in  Fig.  11  the  phase-locked  laser  emission  has  been 
observed  as  a  clean  high-brightness  on-axis  spot  in  the  far  field,  which  is  in  sharp  contrast  to  the  messy 
pattern  observed  from  the  same  MCF  laser  without  mode  selecting  measures.  All  components  of  this 
phase-locked  fiber  laser  can  be  incorporated  into  a  single  piece  of  fiber  and  the  whole  system  is 
alignment-free  during  operation.  This  all-fiber  design  is  robust  against  environmental  and  thermal 
disturbances  at  all  power  levels  and  can  be  conveniently  integrated  into  compact  photonics  systems. 

Furthermore,  we  demonstrated  that  similar  all-fiber  resonators  can  be  applied  to  a  large  variety  of 
multicore  arrangements,  including  the  12  core  fiber  shown  on  the  right  in  figure  9.  Figure  12  and  13  show 
almost  perfect  agreement  between  experiment  and  theory  for  the  near  and  far  field  characteristics  of  the 
12  core  fiber  laser  operating  exclusively  in  the  fundamental  supermode.  This  core  arrangement  is  special 
in  so  far  that  we  succeeded,  for  the  first  time,  to  measure  birefringent  in-phase  operation  of  a  phase- 
locked  multicore  fiber  laser.  The  in-phase  operation  of  our  12-core  rectangular-array  microstructured 
fiber  laser  was  confirmed  by  the  near-field  distribution,  the  far-field  diffraction  pattern,  and  the  optical 
spectrum.  The  birefringence  of  the  fundamental  supermode  in  propagation  constant  Ay  was  measured  as  ~ 
4  x  10'6  1/pm  from  the  beating  of  the  two  polarization  modes  shown  in  the  RF  spectrum  in  figure  14.  The 


41 


break  of  the  polarization  degeneracy  indicates  the  possibility  of  single  polarization  operation  of  phase- 
locked  multicore  fiber  lasers  and  amplifiers. 
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Figure  14  RF  spectrum  of  the  self-beat  signal  showing  two  non-degenerated, 
polarized  in-phase  supermodes  emitted  by  the  12-core  microstructured  Er/Yb 
nhosnhate  fiber  laser. 


5.5.  UV-Written  Bragg  Gratings  in  Phosphate  Glass  Fiber 

One  of  the  major  difficulties  in  building  our  ultra  compact,  Watt-level  single  frequency  lasers  is 
the  fact  that  in  these  devices  fiber  Bragg  gratings  (FBGs)  written  in  silica  fibers  are  being  used  for 
selecting  wavelength  and  narrowing  the  emission  bandwidth  while  the  gain  fiber  is  made  from  phosphate 
glass.  The  combination  of  different  glasses  within  one  device  constitutes  a  significant  challenge,  in 
particular  since  the  thermal  properties  of  phosphate  and  silica  glasses  are  quite  different  -  typical  fiber 
drawing  temperatures  for  phosphate  and  silica  fibers  are  -800  °C  and  -2000  °C,  respectively. 
Considering  this  difference,  the  fabrication  of  splices  between  phosphate  and  silica  fibers  exhibiting  low 
optical  loss  and  reasonable  mechanical  strength  requires  special  techniques.  In  addition  there  is  a  large 
difference  in  the  coefficients  of  linear  thermal  expansion  for  phosphate  and  silica  glasses  that  are  typically 
-100  x  10‘7/°C  and  -5  x  10'7/°C,  respectively.  This  induces  thermal  stress  at  splicing  joints  that  can  also 
modify  the  index  distribution  of  spliced  fibers  and  lower  the  mechanical  strength  of  the  splices. 

The  main  reason  for  the  necessity  of  hybrid  phosphate-silicate  laser  devices  is  the  lack  of  photosensitivity 
of  phosphate  glasses  that  has  prohibited  direct  writing  of  gratings  into  phosphate  glass  fibers.  To  solve 
this  problem  we  fabricated  a  series  of  Ge-doped  phosphate  glasses  and  examined  the  photosensitivity  of 
to  244  nm  cw  light  from  a  frequency  doubled  Ar+  ion  laser.  The  glass  samples  were  made  by  conventional 
melt  and  quench  in  air  using  high  purity  chemicals.  Writing  gratings  into  these  glasses  through  a  phase 
mask  and  analyzing  the  grating  diffraction  we  studied  the  UV-induced  index  changes  created  in  these 
phosphate  glasses.  As  shown  in  figure  15  we  observed  index  changes  of  up  to  -3.5  x  10'5  in  a  glass  doped 
with  30wt%  Ge02  (Ge30)  indicating  that  this  glass  is  suitable  for  the  fabrication  of  UV  written  FBGs. 
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Fig.  15.  Index  modulation  (5^p.p)  of  Ge-doped  phosphate  glass  as  a  function  of  fluence.  Each  data  point 
represents  several  measurements  of  the  diffraction  from  different  244  nm  written  gratings.  Lines  are 
drawn  to  guide  the  eye  and  the  error  bars  show  the  standard  deviation. 


Figure  16  (a)  Reflectivity  and  Bragg  wavelength  evolution  during  fabrication  of  a  14  mm  long  grating 
with  10  193  nm  pulses  per  second  and  200  mJ/cm2/pulse.  (b)  Final  reflection  spectrum  of  FBG  1 
(Rmax=96%). 


5.6  Tapered  fiber  bundles  for  combining  pump  lasers  used  in  fiber 
lasers/amplifiers 

Multi-mode  (MM)  fiber  bundles  as  well  as  tapered  fiber  bundles  have  found  application  as 
combiners  of  high-power  laser  diodes  and  laser-diode  arrays.  These  bundles  are  ideal  for  pumping  of 
solid-state  lasers  and  cladding-pumped  fibers  due  to  their  efficiency,  ease  of  fabrication,  and  reliability.  It 
has  also  been  demonstrated  that  these  bundles  can  accommodate  at  their  core  a  single-mode  fiber  for 
applications  involving  the  pumping  of  single-mode  (active)  fibers.  A  major  drawback  of  bundled  fibers  is 
their  relatively  low  brightness.  For  example,  the  radiance  of  a  broad-stripe  semiconductor  emitter  coupled 
to  a  multimode  step  index  fiber  with  a  100pm-diameter  core  and  0.22  numerical  aperture  (NA)  is  about 
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30  times  lower  than  the  radiance  of  the  laser  diode  itself.  Improving  the  coupling  efficiency  and 
brightness  of  MM  fiber  couplers/combiners  is  thus  highly  desirable. 

It  must  be  recognized  in  such  applications  that  the  MM  fiber  is  generally  operated  under 
restricted  mode  launch  condition,  that  is,  only  a  small  fraction  of  the  fiber’s  modal  capacity  is  generally 
utilized.  However,  many  coupler  designs  have  traditionally  required  etendue  invariance,  namely, 

[  LA,  ( NAi)2]in  =  Aout  NA20ut.  ( 1 ) 

Here  NA  is  the  numerical  aperture  and  A  the  cross-sectional  area  of  input  and  output  fibers.  This  is  a 
necessary  condition  for  maintaining  low-loss  transmission  under  the  over-filled  mode  launch  condition, 
where  the  modal  content  of  the  input  source(s)  is  greater  than  or  equal  to  the  modal  capacity  of  individual 
fibers.  (Transmission  properties  of  tapered  MM  optical-fibers  have  been  investigated,  using  ray-trace 
simulations,  for  a  Lambertian  source,  which  is  a  case  of  over-filled  mode  launch  conditions.)  To  the  best 
of  our  knowledge,  no  data  has  been  published  on  the  throughput  of  tapered  MM  fibers  and  fiber  bundles 
under  restricted-mode  launch  conditions. 

In  this  report  we  explore  different  beam  combining  strategies  based  on  tapered  fiber  bundles, 
aiming  to  increase  the  brightness  of  pump  sources  for  double-clad  fiber  lasers  and  amplifiers.  We 
consider  single-stage  N  x  1  combiners  using  tapering  and  fusing  of  a  conventional  multi-mode  (MM) 
fiber  bundle  as  well  as  multi-stage  cascades  of  such  N  x  1  combiners.  Our  approach  to  brightness 
enhancement  does  not  contradict  the  so-called  radiance  theorem,  because  the  laser  diode  sources  used  in 
conjunction  with  our  scheme  operate  in  a  restricted-mode  condition,  whereby  they  occupy  only  a  fraction 
of  the  input  fiber’s  modal  capacity.  We  present  throughput  measurements  of  step-index  MM  fibers  of 
differing  taper  ratios  under  (low-order)  restricted-mode  launch  conditions.  The  results  are  compared  with 
throughputs  of  the  same  (tapered)  fibers  under  conditions  that  approach  over-filled  mode  launch 
conditions,  where  high-order  spatial  modes  dominate  the  modal  content  of  the  input  light  source. 

Experimental  conditions.  Tapered  fibers  were  fabricated  using  a  modified  pipette  puller  ( Narishige 
Scientific  Instruments  PD-5  stage)  that  employs  an  oxygen-hydrogen  torch  as  a  heater,  a  gravitational 
force  mechanism,  CCD  camera,  microscope,  and  a  side  illuminator.  Although  the  puller  allows  tapers 
with  a  maximum  length  of  32  mm,  the  most  reproducible  tapers  were  found  to  be  in  the  range  of  10- 

16  mm.  Sousing 


Figure  1.  Diagram  of  an  N  x  1  combiner,  fabricated  by  fusing  and  tapering  a  fiber  bundle.  The  beams  of  N  laser 
diodes  (either  separate  diodes  or  diodes  from  an  array)  enter  from  the  left-hand  side.  The  combined  high-brightness 
beam  emerges  from  the  right. 
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A  standard  Thorlabs  multi-mode  fiber  (AFS  105/125Y,  105pm  fused  silica  core,  125pm  fluorine- 
doped  cladding,  NA  =  0.22)  was  the  “raw  material”  in  our  experiments.  With  reference  to  Fig.  1,  a  fiber 
bundle  consisting  of  3,  4,  7,  or  19  MM  fibers  was  put  through  a  quartz  tube  ( Polymicro  Technologies , 
LLC ),  then  fused  together  by  inertially  collapsing  the  tube  softened  by  the  torch.  (The  quartz  tubes  had 
different  diameters  to  accommodate  the  desired  number  of  fibers  in  each  bundle.)  In  the  first  stage  of 
preparation  only  tight  bundling  was  achieved.  The  taper  was  then  pulled  with  simultaneous  waist  control 
while  visually  inspecting  the  taper  through  the  microscope.  The  pulling  stopped  when  the  tapered  end  of 
the  bundle  matched  the  diameter  of  a  standard  MM  fiber  with  reasonable  tolerances.  The  fiber  bundle  was 
then  cleaved  at  the  tapered  end. 

Figure  2  shows  cross-sectional  photographs  of  typical  tapered  bundles  thus  obtained.  The  fused, 
tapered,  and  cleaved  bundle  was  subsequently  fusion-spliced  to  a  length  of  standard  MM  fiber;  see  Fig.  3. 
All  tapers  were  adiabatic,  and  the  taper  ratio  R  =  D  7 Z),  which  is  the  ratio  of  the  fiber  diameter  D  '  at  the 
end  of  the  taper  to  the  original  fiber  diameter,  D  =  125pm,  ranged  from  slightly  below  0.2  to  just  under 
0.5.  This  range  allows  the  fabrication  of  a  number  of  fused  and  tapered  fiber  bundles  [each  bundle 
containing  three  (R  =  0.49),  four  (R  =  0.42),  seven  (R  =  0.317)  or  nineteen  (R  =  0.193)  fibers]  that 
matched  the  -105  pm  core  diameter  of  a  standard  MM  fiber.  Since  our  fabrication  method  yields  a  nearly 
constant  taper  angle  of  Q  ~  0.35°,  different  R  values  were  achieved  by  varying  the  length  of  the  taper. 

Three  light  sources  were  used  in  our  experiments;  these  were  fiber-coupled  semiconductor  laser 
diodes  (k  =  980  nm)  exhibiting  different  angular  distributions  of  their  emissions.  Source  1  was  a  single¬ 
mode  laser  diode  with  a  (single-mode)  0.1 1NA  fiber  pigtail.  The  pigtail  was  fusion  spliced  to  a  1  meter 
long  piece  of  standard  MM  fiber  (AFS  105/1 25 Y).  The  Gaussian-like  far  field  pattern  of  this  source  had  a 
full-width  divergence  angle  of  -12.6°.  Source  2  utilized  a  SpectraPhysics  BJ  234  laser  diode  (multi- 
mode),  collimated  to  better  than  1°  in  its  fast  axis  with  a  short  length  of  optical  fiber  (acting  as  a 
cylindrical  lens),  and  butt-coupled  to  a  standard  MM  fiber.  Like  Source  1 ,  the  far  field  distribution  of  this 
source  was  Gaussian-like,  with  a  full-width  diameter  of  -12.6°.  The  third  light  source,  also  based  on  a 
BJ  234  multi-mode  laser  diode,  was  prism-coupled  into  a  double-clad  silica  glass  fiber  through  a  polished 
and  flattened  window  on  one  side  of  the  fiber;  this  fiber  was  then  spliced  into  a  1  m-long  MM  fiber. 
Source  3  exhibits  a  donut-shaped  far  field  pattern  with  a  full- width  diameter  of  -  25°.  Our  restricted¬ 
mode  launches  were  conducted  with  either  Source  1  or  2.  As  will  be  seen  below,  the  output  of  Source  3 
approaches  that  of  a  source  which  satisfies  over-filled  mode  launch  conditions. 


Figure  2.  Cross-sectional  photographs  of  fused,  tapered,  and  cleaved  MM  fiber  bundles,  (a)  3  x  1  combiner;  (b) 
4x1  combiner;  (c)  7  x  1  combiner,  (d)  19  x  1  combiner.  Note  that  the  empty  spaces  between  adjacent  fibers  have 
been  filled.  The  different  gray  levels  of  individual  fibers  within  the  bundle  are  caused  by  random  illumination  of 
their  opposite  ends. 


Figure  3.  (a)  Side  view  of  the  tapered  end  of  the  fused,  tapered,  and  cleaved  4x1  MM  fiber  bundle  of  Fig.  2(b).  (b) 
The  cleaved  facet  of  the  tapered  bundle  in  (a)  is  shown  fusion-spliced  to  a  MM  fiber. 

Beam-combiner  characteristics.  To  study  the  feasibility  of  beam  combining  via  fused  and  tapered  MM 
fibers,  we  prepared  several  TV  x  1  combiners  -  shown  in  Fig.  2  -  and  measured  their  transmission 
efficiency  r/T.  For  maximum  efficiency  only  adiabatic  tapers  were  used.  Our  3x1  combiner,  connected  to 
either  Source  1  or  2,  showed  an  efficiency  r/T  -  83%  per  input,  thus  confirming  the  feasibility  of 
combining  several  high-power  laser  diode  beams  into  a  bright  spot  of  ~100|um  diameter.  Inter-channel 
differences  of  only  1-2%  indicate  the  high  quality  of  these  combiners.  The  transmission  efficiency  of  our 
19  x  1  combiners,  again  measured  with  Sources  1  and  2,  was  r/T  -30%  (per  input).  With  3.0W  laser 
diodes  placed  at  its  19  input  terminals,  for  example,  we  expect  a  total  optical  power  of  -17.0W  at  the 
output  facet  (diameter  -lOOqm)  of  this  combiner. 


Figure  4.  Transmission  efficiency  rjT  versus  taper  ratio  R  for  several  iVx  1  combiners.  (•)  7V  =  19;  (  A  )N  =  7;  (  ■  ) 
N  =  4.  Some  of  the  bundles  were  over-pulled,  resulting  in  a  leftward  shift  of  the  corresponding  data  point  on  this 
plot. 


Figure  4  shows  the  measured  transmission  efficiency  (per  input)  as  function  of  the  taper  ratio  R 
for  several  fabricated  combiners.  In  the  case  of  the  19  x  1  combiners  (•)  the  taper  ratio  was  about  right, 
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but  the  two  7x1  combiners  (A)  and  the  4  x  1  combiner  (■)  were  over-pulled,  resulting  in  a  smaller 
bundle  (at  the  tapered  end)  than  the  core  of  the  standard  MM  fiber.  Despite  this  over-pulling,  the 
measured  efficiencies,  when  plotted  against  the  taper  ratio  R ,  are  seen  to  exhibit  the  expected  behavior 
indicated  by  the  solid  curve  (see  the  following  sections  for  an  explanation  of  the  solid  curve,  which  is  the 
same  as  the  upper  curve  of  Fig.  8). 

Cascaded  tapered  fibers.  We  devised  a  simple  method  of  analyzing  the  performance  of  TV  x  1  combiners 
and  cascades  of  such  combiners.  With  reference  to  Fig.  5,  we  fabricated  several  nearly  identical  tapered 
fibers  having  the  same  taper  ratio  R ,  then  measured  the  transmission  efficiency  r/T  of  a  chain  of  such 
fibers  in  which  each  tapered  fiber  was  fusion-spliced  to  the  next  fiber  at  the  center  of  its  entrance  facet 
(i.e.,  the  unaltered  facet).  All  tapers  were  adiabatic,  with  the  taper  ratio  R  covering  the  range 
corresponding  to  combiners  with  3,  4,  7,  or  19  fibers  in  a  bundle.  To  ensure  that  the  results  were  not 
unduly  influenced  by  propagation  inside  the  cladding,  we  passed  a  loop  of  the  output  fiber  through  index¬ 
matching  fluid  before  measuring  its  output  at  the  photo  detector. 
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Figure  5.  Cascade  of  tapered  fibers,  all  having  the  same  taper  ratio  R ,  fusion  spliced  to  each  other  and  to  1  meter- 
long  pieces  of  the  standard  MM  fiber  on  the  input  and  output  sides.  The  light  beam  is  launched  into  the  1  meter-long 
input  fiber.  At  the  output  side,  a  loop  of  the  1  meter-long  fiber  is  passed  through  index-matching  fluid  to  remove  any 
light  that  might  be  coupled  into  its  cladding.  The  transmitted  light  is  measured  by  the  photo  detector  at  the  end  of  the 
output  fiber.  Although  three  tapered  fibers  are  shown  cascaded  in  this  figure,  the  actual  number  in  our  experiments 
could  be  anywhere  from  one  to  four. 

Figure  6  shows  cascade  efficiencies  for  chains  of  1,  2,  3,  and  4  fibers  (all  having  the  same  taper 
ratio  R  =  0.26),  measured  with  Source  1.  Although  there  is  loss  at  every  stage,  the  first  stage’s  loss  is 
relatively  small.  The  large  efficiency,  r/T  =  47%,  obtained  in  the  first  stage  of  this  cascade  is  due  to  the 
fact  that  the  input  beam  has  a  limited  modal  content.  After  passing  through  the  first  tapered  fiber,  the 
beam  divergence  increases,  causing  the  efficiency  of  transmission  through  the  second  stage  to  drop  to 
-18%.  The  rise  in  the  modal  content  continues  with  passage  through  successive  stages,  resulting  in 
Tjj  =  13%  for  the  third  stage  and  r/T  =  8%  for  the  fourth  stage.  For  this  last  stage  of  the  cascade,  the  input 
beam  has  approached  a  more  or  less  Lambertian  source,  which  leads  to  the  correspondingly  low 
transmission  efficiency.  Any  brightness  enhancement,  therefore,  must  occur  in  the  earlier  stages. 

For  the  above  measurements  to  be  relevant  to  our  fused  and  tapered  bundles,  we  must 
demonstrate  that  shifting  the  tapered  (output)  end  of  one  fiber  over  the  entrance  facet  of  the  succeeding 
fiber  (as  occurs  for  all  but  the  central  fiber  in  a  cascaded  bundle)  does  not  seriously  affect  the  throughput 
of  the  cascade  pair.  To  this  end,  Fig.  7  shows  the  results  of  an  experiment  in  which  the  tapered  end  of  one 
fiber  (R  =  0.23)  was  scanned  across  the  entrance  facet  of  an  adjacent  fiber.  The  two  sets  of  measurements 
in  Fig.  7  show  the  effect  of  core  offset  in  the  case  of  a  tapered  fiber  displaced  from  the  center  of  an  output 
fiber  (configuration  A),  and,  in  the  case  of  a  two-fiber  cascade  (configuration  B),  the  effect  of  the  first 
fiber’s  core  offset  from  the  center  of  the  second  fiber.  Accordingly,  the  coupling  efficiency  is  seen  to  be 
fairly  independent  of  the  core  offset,  as  long  as  the  tapered  fiber’s  core  remains  within  the  core  area  of  the 
fiber  that  follows.  In  configuration  A,  the  slight  enhancement  of  efficiency  near  the  edge  of  the  fiber  (i.e., 
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when  the  tapered  fiber’s  displacement  from  the  center  of  the  MM  fiber  is  ~±40pm)  is  not  presently 
understood. 
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Figure  6.  Transmission  efficiencies  in  a  cascade  of  four  tapered  fibers.  The  taper  ratio  for  all  four  fibers  is  R  =  0.26. 
The  light  source  is  a  single-mode  laser  coupled  to  a  1  meter-long  MM  fiber  (Source  1).  The  transmission  efficiency 
of  the  first  stage  is  rjT  ~  47%;  the  remaining  stages  show  progressively  smaller  efficiencies. 


Displacement  from  Center  (p.m) 

Figure  7.  Effect  of  core  offset  between  the  tapered  end  of  one  fiber  and  the  untapered  entrance  facet  of  the  next 
fiber  in  the  cascade.  In  configuration  A  the  transmission  efficiency  rjT  is  measured  for  a  single  taper,  offset  from  the 
center  of  the  1  meter-long  output  fiber,  as  a  function  of  the  displacement  between  the  two  cores.  In  configuration  B, 
efficiency  is  measured  for  a  cascade  of  two  tapered  fibers  as  a  function  of  the  core  displacement  of  the  first  tapered 
fiber  relative  to  the  center  of  the  second.  In  both  cases  the  taper  ratio  was  R  =  0.23.  The  second  curve  is  magnified 
by  a  factor  of  4  to  aid  better  visualization. 


Fused  and  tapered  TV  x  1  combiners  under  restricted  (low-order)  mode  launch  condition.  To  predict 
the  coupling  efficiency  of  TV  x  1  combiners  we  thus  measured  the  efficiency  rjT  for  several  values  of  the 
taper  ratio  R  in  the  system  of  Fig.  5  (using  a  single  tapered  fiber  between  the  1  meter-long  fibers);  the 
results  obtained  appear  in  Fig.  8.  The  behavior  of  r/j  versus  R  is  seen  to  be  nearly  the  same  for  Sources  1 
(A)  and  2  (■),  but  substantially  different  for  Source  3  (•),  indicating  that  the  source’s  angular  spectrum 
(which  is  related  to  its  spatial  coherence)  is  of  importance  in  this  regard.  The  numbers  at  the  top  of  the 
figure  indicate  the  number  of  fibers  that  can  be  combined  in  a  fused  and  tapered  bundle  for  a  given  value 
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of  R.  Thus,  under  the  restricted-mode  launch  conditions,  it  should  be  possible  to  combine  the  beams  of 
several  high-power,  multi-mode  lasers  into  one  bright  spot.  A  19x1  combiner  of  this  type,  for 
example,  should  yield  the  equivalent  power  of  six  lasers  at  its  output  facet  in  an  approximately  100pm- 
diameter  spot.  We  thus  predict  that  low-divergence  sources  (e.g.,  NA  <  0.075),  when  launched  into  a 
fused  and  tapered  MM  fiber  combiner,  will  result  in  ~  8  dB  increase  in  irradiance  for  a  19  x  1  combiner. 
(Note  that  the  output  etendue  is  1/19  that  of  the  input  bundle).  In  contrast,  the  radiance  theorem  predicts 
that  over- filled  mode  launch  condition  will  result  in  no  such  brightness  enhancement. 


0.1  0.2  0.3  0.4  0.5 

Taper  Ratio.  R 

Figure  8.  Measured  values  of  rjT  versus  the  taper  ratio  R  for  a  single  tapered  fiber  in  the  system  of  Fig.  5.  Light 
sources  1  (A)  and  2  (■)  yield  nearly  identical  patterns  of  behavior.  The  measured  efficiency  for  Source  3  (•)  is 
substantially  below  that  of  the  other  sources.  Shown  at  the  top  of  the  figure  is  the  number  of  tapered  fibers  that  can 
be  bundled  and  fused  together  to  create  an  output  beam  equal  in  diameter  to  that  of  a  single,  standard  MM  fiber. 

High-order  mode  launch  condition.  Figure  8  also  shows  a  plot  of  the  measured  transmission  efficiency 
r/j  of  a  single  fiber  versus  the  taper  ratio  R ,  when  Source  3  is  used  to  provide  the  input  beam  in  the  system 
of  Fig.  5  (again,  with  a  single  tapered  fiber  between  the  1  meter-long  fibers).  The  high-spatial-mode 
content  of  the  light  source  in  this  instance  results  in  a  substantial  reduction  of  r/T  over  that  achieved  under 
restricted-mode  launch  conditions.  For  instance,  at  R  =  0.193  (corresponding  to  a  19  x  1  fused  and  tapered 
combiner)  the  measured  value  of  rjT  ~  0.06  per  laser  indicates  the  absence  of  any  meaningful  brightness 
enhancement  in  the  combined  beam.  This  limitation,  typical  of  over-filled  mode-launch  condition, 
follows  from  the  radiance  theorem  and  the  principle  of  conservation  of  energy. 

Multi-stage  beam  combining  using  a  cascade  of  JVx  1  fused  and  tapered  bundles.  To  extend  the 
preceding  results  obtained  under  restricted-mode  launch  conditions  to  a  cascade  of  N  x  1  combiners,  we 
measured  the  transmission  efficiency  r/T  versus  taper  ratio  R  for  a  string  of  two  tapered  MM  fibers  in  the 
fusion-spliced  chain  of  Fig.  5;  the  results  obtained  with  Sources  1(A)  and  2  (■)  are  shown  in  Fig.  9. 
These  results  indicate  that  essentially  all  the  gain  in  brightness  is  obtained  in  the  first  stage  of  the  cascade 
combiner,  with  the  second  stage  acting  primarily  in  the  high-order  mode  launch  condition.  Consequently, 
not  much  brightness  enhancement  should  be  expected  from  the  second  stage  of  the  cascade  configuration. 
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Figure  9.  Overall  transmission  efficiency  versus  taper  ratio  R  for  a  cascade  of  two  tapered  fibers  in  the  fusion- 
spliced  chain  of  Fig.  5.  Shown  at  the  top  of  the  figure  is  the  number  N  of  fused  and  tapered  fibers  that  can  be 
bundled  together  to  create  the  N  x  1  combiners  needed  in  a  cascade  configuration  such  as  that  shown  in  Fig.  10. 


Figure  10.  Two-stage  9x1  combiner,  composed  of  four  identical  3x1  combiners. 

Transmission  measurements  on  a  fusion-spliced  cascade  of  two  identical  3x1  combiners 
(depicted  schematically  in  Fig.  10)  showed  a  22%  total  efficiency,  namely,  from  each  source  to  the  output 
of  the  second  stage.  Although  a  value  of  R~  0.5  is  generally  sufficient  for  3  x  1  combiners,  the  particular 
combiners  used  in  this  experiment  were  over-pulled,  resulting  in  a  reduced  taper  ratio  of  R  ~  0.4.  The 
measured  value  of  r/T  =  0.22  is  thus  in  agreement  with  the  results  depicted  in  Fig.  9.  This  means  that 
placing  nine  identical  lasers  at  the  input  ports  of  the  system  of  Fig.  10  yields  a  combined  output  power 
equal  to  that  of  two  lasers  (9  x  0.22  -  2).  Although  this  particular  two-stage  cascade  of  3  x  1  combiners 
has  poor  efficiency,  according  to  the  data  in  Fig  9,  one  should  be  able  to  build  a  two-stage  cascade  of 
3x1  combiners  (using  R  ~  0.5  tapers)  with  an  efficiency  of  -  40%  per  laser.  Combination  of  nine 
identical  lasers  with  such  a  device  should  then  yield,  at  the  output  terminal,  the  equivalent  power  of  3.6 
lasers. 

Conclusion.  We  have  demonstrated  that  beam  combining  with  fused  and  tapered  fiber  bundles  results  in 
brightness  increase  under  restricted-mode  launch  conditions  (mode-filling  parameter  -0.285)  for  3  x  1, 
4  x  l5  7  x  l5  and  19x1  combiners.  The  measured  values  of  the  coupling  efficiency  varied  about  1-2% 
among  the  various  fibers  in  each  bundle,  thus  confirming  the  high  quality  of  the  fabricated  devices.  To 
analyze  the  performance  of  N  x  1  combiners  and  cascades  of  such  combiners,  we  devised  a  simple 
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method  employing  a  concatenated  chain  of  tapered  fibers  in  which  every  tapered  fiber  was  fusion-spliced 
to  the  next  fiber’s  unaltered  facet.  Good  agreement  between  the  tapered  bundle  efficiency  estimates 
obtained  by  this  method  and  the  actual  (fabricated)  combiner  efficiencies  confirmed  the  validity  of  our 
approach. 

For  cascaded  tapers  with  a  shifted  core  geometry,  a  slight  efficiency  enhancement  near  the  edge 
of  the  fiber  was  observed.  This  effect  is  not  presently  understood  and  requires  more  experimental  efforts. 
For  cascades  of  tapered  fiber  bundles,  we  achieved  brightness  enhancement  only  in  the  early  stages  of  the 
cascade.  We  focused  mainly  on  the  dependence  of  the  coupling  efficiency  on  the  mode-filling  properties 
of  the  source.  This  enabled  us  to  develop  practical  combiners  in  the  form  of  fused  and  tapered  fiber 
bundles  and  cascades  of  such  bundles.  Further  experiments  with  controlled  degrees  of  mode-filling  are 
left  for  future  research.  The  dependence  of  the  taper  transmission  efficiency  on  the  modal  content  of  the 
launched  beam  may  be  viewed  from  the  opposite  direction,  namely,  the  degree  of  mode-filling  in  MM 
fibers  can  be  estimated  by  measuring  the  corresponding  taper  transmissions.  This  also  requires  detailed 
taper  efficiency  measurements  under  varying  mode  launch  conditions. 
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6.  Technical  Report:  VECSEL  Project 

6.1  First  Principles  Quantum  Design  Approach  for  Semiconductor  Epitaxial 
Growth 

A  critical  underpinning  for  this  aspect  of  the  project  was  the  development  of  a  comprehensive 
theoretical  understanding  of  the  physics  of  light  matter  interaction  with  semiconductor  material  systems. 
Once  this  key  breakthrough  was  made,  we  could  move  on  to  design  optimized  semiconductor  QW  active 
structures  and  fast  track  to  an  end  laser  device  without  going  through  costly,  time-consuming  and 
inefficient  semiconductor  wafer  growth,  packaging,  testing  and  re-growth  cycles.  While  such  a  predictive 
theory  would  impact  all  semiconductor  amplifier  and  laser  devices,  the  intrinsic  complexity  of  design  of 
VECSEL  sub-cavities  makes  it  indispensable.  This  section  outlines  the  key  breakthroughs  made  in  our 
theoretical  understanding  of  this  phenomenon  and  discusses  how  this  predictive  approach  impacted  our 
own  VECSEL  program. 

6.2  High-Power  High-Brightness  VECSELs 

The  extraction  of  high  power  with  high  beam  quality  from  semiconductor  lasers  has  long  been  a  goal 
of  semiconductor  laser  research.  Optically  pumped  vertical-external-cavity  surface-emitting  lasers 
(VECSELs)  have  already  shown  the  potential  for  their  high  power,  high  brightness  operation.  In  addition, 
the  external  cavity  arrangement  in  these  lasers  makes  intracavity  nonlinear  frequency  conversion  quite 
convenient.  High-power  high-brightness  VECSELs  with  wavelength  flexibility  further  extends  their 
application  space. 

One  of  the  objectives  of  the  project  was  to  investigate  high-power  high-brightness  VECSELs.  High 
power  high,  brightness  operation  is  a  fundamental  aspect  of  VECSEL  applications.  In  this  section,  we 
focus  on  high  power,  high  brightness  operation  of  VECSELs,  including  the  design  of  VECSEL  wafers, 
the  fabrication  of  the  devices,  characterization  of  the  wafer  and  device,  demonstration  of  high  power  high 
brightness  VECSELs. 

We  use  periodic  stacks  of  compressively-strained  InGaAs/GaAs  quantum  wells  (resonant  periodic 
gain  RPG)  as  active  region  of  the  device.  The  active  region  is  grown  on  an  AlGaAs/AlAs  high  index 
contrast  multilayer  reflector  that  acts  as  a  Bragg  mirror.  These  are  grown  on  a  GaAs  substrate  and  the 
VECSEL  is  designed  and  optimized  to  emit  at  975-980  nm. 

Two  VECSEL  structures  operating  around  975  nm  were  designed  by  above  state-of-the-art  modeling 
tool.  They  are  referred  to  “single-well”  resonant  periodic  gain  structure  (SW-RPG)  and  “double-well” 
resonant  periodic  gain  structure  (DW-RPG),  respectively.  Figure  1  shows  the  details  of  each  design.  In 
the  single  SW-RPG,  each  8-nm-thick  compressively  strained  InGaAs  quantum  well  is  aligned  at  the 
antinodes  of  the  semiconductor  sub-cavity  standing  wave.  In  the  DW-RPG,  the  active  region  consists  of 
nine  double-wells,  each  comprised  of  two  4-nm  compressively  strained  InGaAs  quantum  wells  separated 
by  a  6-nm-thick  GaAsP  strain  compensating  layer.  Each  double-well  is  aligned  at  an  anti-node  of  the  sub¬ 
cavity  standing  wave.  Both  structures  are  grown  as  bottom  emitters  on  undoped  GaAs  substrate  by 
MOCVD. 

Compared  with  the  design  using  the  8-nm-wide  single-well  RPG  (SW-RPG)  structure,  this  DW-RPG 
structure  has  several  apparent  advantages.  For  a  given  carrier  density  and  temperature,  the  material  gain 
for  a  4-nm- wide  quantum  well  is  approximately  twice  the  value  that  one  gets  for  an  8-nm-wide  quantum 
well.  In  fact,  the  thinner  well  results  in  a  larger  density  of  states  for  each  sub— band  and  larger  sub-band 
separation,  thus  a  higher  percentage  of  carriers  occupies  the  lowest  sub-band,  leading  to  a  large  inversion 
(l  —  fe  —  f h  )  and  higher  gain.  Thus,  the  modal  gain  for  a  double-well  with  4-nm- wide  wells  is  larger  than 

for  a  single-well  with  an  8-nm-wide  well.  Since  the  gain  material  of  a  double-well  is  spread  out  over  a 
larger  region  (14  nm  total),  the  geometry  increases  the  tolerance  to  the  growth  variation  and  process 
control.  This  geometry  can  also  compensate  for  any  temperature  gradient  between  various  wells  and  the 
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heat  sink,  and  thermally  induced  shift  of  the  antinodes  of  the  lasing  modes.  The  relative  confinement 
factor  of  a  VECSEL  with  4-nm-wide  DW-RPG  structure  is  more  tolerant  to  the  shift  of  the  antinodes  of 
the  cavity  standing  wave  than  that  of  a  VECSEL  with  8-nm-wide  SW-RPG  structure.  Furthermore,  the 
DW-RPG  configuration  can  support  more  quantum  wells  while  maintaining  a  thinner  active  region,  which 
can  aid  in  more  efficient  heat  dissipation.  The  above  logic  is  based  on  the  raw  material  gain  itself. 
However,  our  ability  to  calculate  rigorously  the  gain  and  recombination  losses,  led  us  to  predict  that  the 
recombination  losses  offset  the  gain  advantage  and,  in  fact,  the  SW-RPG  lasing  threshold  is 
approximately  half  of  the  DW-RPG  VECSEL.  This  is  confirmed  in  Figure  3  below,  where  the  SQW 
threshold  is  lower. 
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FIGURE  1.  Two  VECSEL  structures  grown  by  MOCVD:  (a)  SW-RPG  structure  and  (b)  DW-RPG  structure. 
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The  fabrication  of  VECSEL  structures  is  critical  to  laser  performance.  Since  VECSELs  are  low  gain 
lasers,  the  VECSEL  should  have  high  surface  quality  to  minimize  scattering/diffraction  losses.  Moreover 
efficient  heat  extraction  from  the  active  region  is  necessary  to  avoid  thermal  rollover.  To  achieve  this 
goal,  high  thermal  conductivity  (MSWcm^K1)  chemical  vapor  deposition  (CVD)  diamond  with  high 
surface  quality  (peak  to  valley  height  <100  nm)  is  used  as  the  submount/heat  spreader.  The  fabrication 
process  includes  sample  mounting  and  substrate  removal.  First,  the  epitaxial  side  of  a  2  mm  X  2  mm 
VECSEL  wafer  and  CVD  diamond  are  metallized  with  titanium  and  gold.  Since  indium  has  highest 
thermal  conductivity  (0.83  Wcm^K"1)  and  can  reduce  thermal  stress  at  the  semiconductor/submount 
interface,  the  wafer  is  mounted  on  CVD  diamond  by  soft  indium  solder  with  flux.  The  substrate  is  first 
etched  to  a  thickness  of  about  50  pm  by  a  fast  non-selective  wet  chemical  etching  using  H2S04:  H20: 
H202  1:1:8.  The  remaining  GaAs  substrate  is  subsequently  removed  by  selective  wet  chemical  etching 
using  50%C6H8O7  :  30%H2O2  4:1.  After  the  substrate  removal,  a  diluted  hydrofluoric  acid  is  used  to 
remove  the  AlGaAs  etch-stop  layer  (5  %  HF  for  Alo.85Gao.15As  and  1.5  %  HF  for  Alo.9gGao.02 As).  After 
substrate  removal  the  remaining  semiconductor  is  only  6.5  pm  thick,  allowing  efficient  heat  dissipation  at 
high  pumping  energy.  The  surface  quality  of  the  VECSEL  sample  is  then  characterized  by  the 
interferometer,  WYKO  NT-2000,  and  a  peak  to  valley  height  of  less  than  40  nm  in  an  area  of  0.5  mm  x 
0.5  mm  can  be  achieved.  This  optically  smooth  surface  makes  the  scattering/diffraction  loss  negligible 
and  results  in  high  slope  efficiency  and  high  beam  quality.  After  etching,  a  single  layer  Si3N4  low 
reflecting  coating  is  deposited  on  the  surface  of  chip. 

Void-free  solder  bonding  is  very  critical  to  the  performance  of  VECSELs.  Voids  in  the  solder  layer 
cause  huge  thermal  impedance  and  poor  heat  dissipation  during  high  power  operation  of  the  VECSEL.  To 
investigate  the  solder  bonding  quality,  we  used  focus  ion  etch  technique  to  cut  a  processed  VECSEL 
sample  (GaAs  substrate  and  etch-stop  layers  removed),  and  then  took  an  SEM  photograph  of  the  cross 
section.  In  the  focus  ion  etching  processing,  the  focus  ion  beam  removes  all  of  material  from  the  surface 
of  the  processed  VECSEL  chip  to  the  surface  of  CVD  diamond. 


Performance  of  coated  VECSEL  (SW-RPG)  Performance  of  coated  VECSEL  (DW-RPG) 


FIGURE  3.  VECSEL  TEM00  output  vs.  net  pump  power:  SW-RPG  VECSEL  (left)  and  DW-RPG  VECSEL  (right). 


M2=/.75  and  ElHpticitv=l .02  at  11  W  output 
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FIGURE  4.  Beam  quality  of  high-power  optically  pumped  VECSEL  (SW-RPG  and  DW-RPG) 


The  processed  VECSEL  sample  is  mounted  on  a  copper  heatsink  whose  temperature  is  controlled  by 
a  chiller.  Between  the  CVD  diamond  submount  and  copper  heatsink  is  a  50-pm-thick  indium  foil.  The 
lasing  experiment  is  conducted  by  using  a  fiber  coupled  multi-mode  808  nm  diode  laser  pump  source. 

The  pump  light  from  the  fiber  with  200  |Lim  core  fiber  diameter  and  0.22  numerical  aperture  (NA)  is 
imaged  onto  the  sample  by  a  collimator  and  a  condenser  at  an  incident  angle  of  25  -30  .  The  focal  length 
of  the  collimator  is  18  mm.  The  pump  spot  size  on  the  VECSEL  chip,  as  estimated  from  the 
photoluminescence  image,  is  adjusted  by  the  focal  lengths  of  the  condenser.  A  single  layer  Si3N4  (n=1.78) 
quarter  wave  LR  coating  is  deposited  on  the  surface  of  VECSEL  chip,  which  provides  a  reflectivity  less 
than  1%  at  the  signal  wavelength  and  a  reflectivity  around  3%  for  oblique  808  nm  pump  light.  The 
external  cavity  is  formed  using  a  concave  mirror  with  certain  radius  of  curvature  and  reflectivity.  In  the 
following  measurement.  The  cavity  parameters  are:  the  reflectivity  of  output  coupler  R=96  %,  the  radius 
of  curvature  of  the  output  coupler  ROC=30  cm,  cavity  length  =21  cm  and  pump  spot  size  =  500  pm 
diameter. 

High  power,  high  brightness  operation  of  the  VECSEL  is  demonstrated.  Over  1 1  W  and  12  W  output 
power  with  high  slope  efficiency  are  demonstrated  from  the  DW-RPG  and  SW-RPG  VECSEL, 
respectively  (see  Figure  3).  The  M2  factor  slowly  increases  to  1.75  when  the  VECSEL  output  power 
reaches  1 1  W  (see  Figure  4). 


Lasing  spectra  of  coated  VECSEL  (SW-RPG)  at  0°C 


Wavelength  (nm) 


Coated  DW-RPG  VECSEL  at  0°C 


Wavelength  (nm) 


(a)  (b) 

FIGURE  5.  Lasing  spectra  of  VECSEL  at  different  pump  power:  (a)  SW-RPG  VECSEL  and  (b)  SW-RPG 
VECSEL. 


In  summary,  the  quantum  design  and  demonstration  of  a  SW-RPG  and  DW-RPG  VECSEL  are 
presented.  The  on- wafer  characterization  shows  the  growth  of  SW-RPG  is  uniform  and  very  close  to  the 
designed  structure.  After  the  fabrication  of  the  VECSEL  chip,  a  good  indium  solder  bonding  and  a  high 
surface  quality  of  the  chip  are  achieved.  High  power,  high  brightness  operation  of  the  VECSEL  is 
demonstrated,  with  over  11  W  and  12  W  output  power  with  high  slope  efficiency  from  DW-RPG  and 
SW-RPG  VECSEL,  respectively.  An  M2  factor  of  1.75  is  achieved  when  the  VECSEL  output  power 
reaches  1 1  W. 

A  thermal-induced  lasing  wavelength  red-shift  and  poor  spectral  impurity  are  evident  in  the  lasing 
spectra.  These  are  significant  drawbacks  of  VECSEL’s,  potentially  limited  their  applicability.  A  scheme 
and  experimental  demonstration  to  solve  these  problems  is  presented  in  the  next  section. 
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6.2.  Tunable  High-Power  Linearly  Polarized  VECSELs  with  a  Narrow 
Linewidth 


Optically  pumped  VECSELs  have  demonstrated  multi- Watt  high  power  output  and  excellent  beam 
quality.  However,  a  thermally  induced  wavelength  shift  and  broad  spectral  linewidth  are  drawbacks  for 
applications  where  laser  wavelength  stability  is  required.  Tunable  high-power,  high-brightness  VECSELs 
would  overcome  these  drawbacks  and  significantly  enlarge  the  application  space  for  VECSELs. 

The  challenges  in  developing  tunable  high-power  VECSELs  are  (1)  they  are  low-gain  lasers  and  (2) 
microcavity  resonance  clamps  the  lasing  wavelength  of  VECSELs.  To  achieve  a  wide  tunability  for  the 
laser,  the  laser  must  have  a  broad  accessible  gain  bandwidth.  Since  semiconductor  gain  media  have  a 
broad  gain  bandwidth,  VECSELs  have  the  potential  to  achieve  a  large  wavelength  tuning  range.  To  tune 
the  lasing  wavelength,  a  spectral  filter  or  wavelength-selective  element  has  to  be  employed  in  the  laser 
cavity.  Since  VECSELs  exhibit  low-gain,  low  loss  filters  that  can  be  tuned  over  broad  wavelength  are 
suitable  candidates.  Birefringent  filters  were  intensely  studied  several  decades  ago  as  devices  to  control 
the  wavelength  of  dye  lasers.  In  its  simplest  form,  a  birefringent  filter  is  simply  a  waveplate  inserted  into 
the  resonator  at  the  Brewster’s  angle  and  acts  as  an  extremely  low  loss  wavelength-selective  element  for 
the  laser.  This  is  the  reason  why  we  choose  the  birefringent  filter. 


FIGURE  6.  Schematic  diagram  of  the  tunable  VECSEL  with  the  V-shaped  cavity  and  a  BF. 

To  achieve  a  tunable  high  power  VECSEL  with  a  wide  tuning  range,  we  use  a  V-shaped  cavity  in 
conjunction  with  a  birefringent  filter  (BF)  shown  in  Figure  6.  In  this  cavity,  the  VECSEL  chip  (active 
mirror)  is  placed  at  the  fold,  a  high  reflectivity  (R>99.9%)  flat  mirror  and  a  spherical  output  coupler  on 
the  two  ends.  Since  the  lasing  eigenmode  (signal  beam)  of  the  V-shaped  cavity  is  incident  on  the 
VECSEL  chip  with  a  small  incident  angle,  the  propagation  direction  of  the  signal  beam  in  the 
semiconductor  microcavity,  formed  by  DBR  and  semiconductor/air  interface,  is  not  perpendicular  to  the 
surface  of  the  VECSEL  chip  and  DBR  mirror.  As  a  result,  the  cavity  eigenmode  no  longer  experiences 
the  microcavity  resonance,  which  influences  the  lasing  wavelength.  In  this  way,  the  effect  of  microcavity 
resonance  is  completely  eliminated.  A  birefringent  filter  is  inserted  in  the  V-shaped  cavity  to  tune  over 
the  modal  gain  spectrum  of  the  VECSEL  to  achieve  wide  tunability. 

By  “unfolding”  the  V-shaped  cavity  about  the  DBR  mirror,  we  see  that  we  may  interpret  the 
VECSEL  chip  as  a  tilted  intra-cavity  etalon  within  a  linear  cavity.  However,  in  order  to  maintain  the 
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antinodes  of  the  cavity  standing  wave  in  the  VECSEL  chip  at  the  quantum  wells,  the  cavity  angle  between 
two  arms  of  the  cavity  must  be  kept  as  small  as  possible.  To  eliminate  walk-off  losses  in  the  etalon,  a  low 
reflectivity  coating  must  be  applied  on  the  surface  of  the  VECSEL  chip.  In  a  round  trip,  the  cavity  mode 
passes  through  the  active  region  four  times  in  the  V-shaped  cavity  and  two  times  in  the  linear  cavity,  thus 
the  V-shaped  cavity  provides  higher  round  trip  gain  for  a  given  carrier  density  than  the  linear  cavity.  This 
higher  round  trip  gain  not  only  compensates  walk-off  losses  and  surface  scattering  loss,  but  also  enlarges 
the  tunability  range. 

To  achieve  tuning,  the  birefringent  filter  (BF)  is  inserted  in  one  arm  of  the  V-shaped  cavity  at 
Brewster’s  angle.  The  BF  with  this  special  orientation  is  equivalent  to  a  waveplate  sandwiched  between 
two  parallel  polarizers.  The  transmission  of  the  BF  is  given  by  T=cos2(Acp/2),  where  A(p=27r(ne-n0)Le/X,  n0 
and  ne  are  refractive  indices  for  ordinary  and  extraordinary  ray,  X  is  vacuum  wavelength  and  Le  is  the 
plate  thickness  along  the  beam  direction  within  the  plate.  At  27r(ne-n0)LeA,=2m7r  with  m=  integer,  the 
transmission  of  the  BF  is  equal  to  1,  and  the  laser  signal  beam  at  the  wavelength  X  in  the  cavity  suffers  no 
loss  passing  through  the  plate.  Rotating  the  BF  about  its  surface  normal  changes  ne,  thus  tunes  the 
wavelength  to  the  maximum  transmission  of  the  filter  (T=l).  Since  the  cavity  mode  no  longer  sees  the 
microcavity,  by  rotating  the  BF,  we  can  tune  across  the  modal  gain  spectrum  (proportional  to  rr(V)g(A,)), 
where  rr(A,)  is  the  relative  confinement  factor  and  g(X)  is  quantum  well  gain  spectrum,  and  achieve  a  large 
continuous  wavelength  tuning  range. 
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FIGURE  7.  TEMqo  output  power  from  the  VECSEL  with  V-shaped  cavity  (VC)  vs.  net  pump  power  (blue  dot)  and 
maximum  TEMqo  output  power  from  the  VECSEL  with  V-shaped  cavity  and  BF  (VC+BF)  vs.  net  pump  power  (red 
triangle). 

Figure  7  shows  the  VECEL  TEM0o  output  power  at  10°C  as  a  function  of  net  pump  power  for  two 
cases:  V-shaped  cavity  (VC)  and  V-shaped  cavity  with  birefringent  filter  (VCBF).  Before  the  BF  is 
inserted  the  cavity,  the  slope  efficiency  is  0.39.  After  the  BF  is  introduced  in  the  cavity  at  the  Brewster 
angle,  the  linearly  polarized  VECSEL  is  tuned  to  achieve  the  maximum  TEM0o  output  at  each  pump  level. 
In  this  case  the  laser  threshold  slightly  increases  and  the  slope  efficiency  decreases  by  2%  since  a  small 
amount  of  loss  is  inevitably  introduced  into  the  cavity  by  the  BF. 
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FIGURE  8.  Comparison  of  the  lasing  spectra  with/without  birefringent  filter  in  the  V-shaped  cavity. 


FIGURE  9.  High  power,  linear  polarized  TEM0o  VECSEL  output  with  20  nm  tuning  range  and  computed  quantum 
well  gain  spectrum. 

Figure  8  is  a  comparison  of  the  several  tuned  laser  spectra  (with  BF)  and  un-tuned  lasing  spectrum 
(without  BF)  in  the  V-shaped  cavity.  In  this  case,  the  untuned  lasing  wavelength  is  located  at  the  peak 
wavelength  of  modal  gain  spectrum.  Since  the  cavity  mode  no  longer  experiences  the  effect  of  the  micro¬ 
cavity  resonance  and  the  top  of  the  modal  gain  spectrum  is  relatively  flat  in  a  range  of  15-20  nm,  the 
tuned  laser  wavelength  is  within  this  range  and  is  determined  by  the  wavelength  at  which  the  maximum 
transmission  of  the  BF  occurs.  The  tuned  lasing  spectra  achieved  with  a  BF  are  far  more  uniform  and 
narrower  than  those  achieved  without  a  BF  and  exhibit  a  nominal  linewidth  of  1  nm  as  measured  with  an 
optical  spectrum  analyzer  with  a  resolution  of  1  A.  This  is  a  consequence  of  longitudinal  mode 
discrimination  afforded  by  the  BF  and  the  absence  of  competing  spectral  filtering  due  to  the  micro-cavity 
resonance. 

The  tuning  range  of  the  VECSEL  with  the  V-shaped  cavity  and  birefingent  filter  is  shown  in  Figure  9. 
In  the  measurement,  the  pump  power  (24  W)  and  the  temperature  of  heat  sink  (10°C)  are  fixed.  Multi¬ 
watt  cw  linearly  polarized  TEM0o  output  with  a  20  nm  tuning  range  is  demonstrated.  In  order  to  get  an 
insight  into  the  observed  tuning  range,  a  computed  quantum  well  gain  spectrum  at  the  expected  operating 
carrier  sheet  density  around  5xl012  cm'2  and  temperature  around  360  K  is  also  shown  in  Figure  9.  We  can 
observe  that  the  tuning  range  is  defined  by  the  bandwidth  of  the  gain  spectrum.  Figure  10  shows  the 
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lasing  spectra  of  the  VECSEL  at  several  points  along  the  tuning  range.  Within  a  20  nm  wavelength 
tunable  range,  the  envelope  of  the  lasing  spectra  can  be  continuously  tuned  with  narrow  linewidth. 


Tuning  wavelength  (nm) 

FIGURE  10.  Several  lasing  spectra  within  20  nm  tuning  range. 

In  conclusion,  we  developed  and  demonstrated  a  tunable  high-power  high-brightness  linearly 
polarized  VECSEL  with  a  V-shaped  cavity  and  intra-cavity  birefringent  filter.  Multi-watt  high-power  cw 
linearly  polarized  TEM0o  output  with  a  20-30  nm  tuning  range  and  narrow  linewidth  is  demonstrated  near 
room  temperature.  Combining  with  temperature  tuning  or  using  a  higher  reflectance  output  coupler,  the 
tunability  of  the  laser  is  even  larger.  In  short,  high-power  high-brightness  linearly  polarized  tunable 
VECSEL  with  a  wide  tunability  and  narrow  linewidth  will  significantly  enlarge  the  application  range  of 
VECSELs. 


6.3.  Tunable  Watt-Level  Blue-Green  VECSEL 

Intracavity  second-harmonic  generation  (SHG)  is  an  efficient  way  to  extract  significant  visible  light 
from  VECSELs.  Combining  intra-cavity  frequency  doubling  with  a  multi-watt  tunable  VECSEL 
operating  around  976  nm  can  provide  wavelength-tunable  laser  operation  around  488  nm.  This  tunable 
blue-green  laser  is  tremendously  important  since  it  is  difficult  to  generate  tunable  laser  output  in  this 
spectral  region  by  other  lasers.  With  a  few  nanometers  wavelength  tuning  range,  this  laser  provides  the 
desirable  wavelength  range  for  biomedical  fluorochromes  excitation,  flow  cytometry  and  some 
spectroscopic  applications. 

A  Z-shaped  cavity  as  illustrated  in  Figure  11  is  designed  for  tunable  intra-cavity  SHG.  In  this  cavity, 
the  anti-reflection  (AR)  coated  VECSEL  chip  serves  as  an  active  folding  mirror  to  provide  high  round  trip 
gain  and  a  large  tunability  for  the  fundamental  beam.  In  order  to  take  the  advantage  of  RPG  structure,  the 
folding  angle  at  the  VECSEL  chip  must  be  kept  as  small  as  possible.  By  “unfolding”  the  Z-shaped  cavity 
about  the  VECSEL  DBR  mirror,  we  interpret  the  VECSEL  active  region  as  a  tilted  intra-cavity  etalon.  To 
weaken  the  resonance  of  this  tilted  etalon  and  eliminate  its  walk-off  losses,  a  low  reflectivity  coating  must 
be  applied  on  the  surface  of  the  VECSEL  chip.  A  birefrigent  filter  (BF)  is  inserted  in  the  cavity  at 
Brewster’s  angle.  For  the  fundamental  signal,  the  functions  of  the  BF  are  three-fold:  an  extremely  low- 
loss  wavelength  tuning  component,  a  Brewster  window  to  select  polarization,  and  a  filter  introducing 
longitudinal  mode  discrimination.  The  linear  polarization  and  narrow  linewidth  of  the  fundamental  beam 
are  extremely  important  for  the  SHG  phase-matching  condition.  In  this  cavity  there  exist  two  beam  waists 
on  flat  mirror  1  and  on  flat  mirror  2  respectively.  Since  the  beam  waist  at  flat  mirror  2  is  much  smaller 
than  that  at  flat  mirror  1,  the  LBO  crystal  is  inserted  close  to  flat  mirror  2  such  that  the  highest 
fundamental  beam  intensity  is  in  the  crystal.  To  build  a  high  Q  cavity  for  the  high-power  circulating 
fundamental  beam,  all  of  cavity  mirrors  must  be  highly  reflective  around  976  nm.  Since  the  VECSEL 
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chip  is  highly  absorbing  for  the  SHG  signal,  the  output  coupler  should  be  transparent  for  the  SHG  signal 
around  488  nm.  The  tilted  concaved  spherical  output  coupler  results  in  a  difference  between  the  tangential 
and  sagittal  focal  lengths,  making  the  fundamental  beam  and  SHG  beam  asymmetric.  To  neglect  this 
asymmetry,  the  folding  angle  at  the  output  coupler  must  be  kept  as  small  as  possible. 


Low-pass  filter 


LBO  crystal 


Flat  mirror  2 
(HR  for  980  nm 
and  490  nm 


SHG 


Output  coupler 
(HR  for  980  nm, 
AR  for  490  nm) 

Flat  mirror  1 
(HR  for  980  nm) 


BF  at  Brewster’s  angle 


Heat  sink 


FIGURE  10.  Schematic  diagram  of  a  tunable  blue-green  VECSEL  with  a  Z-shaped  cavity  and  a  birefringent  filter 
by  intra-cavity  SHG.  Relative  dimensions  not  to  scale. 
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FIGURE  11.  Tuning  curve  of  tunable  blue-green  VECSEL  (left)  and  several  spectra  of  intracavity  SHG  within  5 
nm  tuning  range  (right). 

The  LBO  crystal  (3  mmx3  mmxlO  mm)  is  cut  to  satisfy  Type-I  angle  phase-matching  condition  and 
both  facets  are  AR  coated  for  the  fundamental  and  SHG  wavelengths.  When  the  wavelength  of 
fundamental  beam  is  tuned  in  the  range  of  980±10  nm,  the  phase  matching  condition  can  be  maintained 
by  tilting  cp  angle.  In  the  experiment,  both  the  fundament  beam  and  the  SHG  beam  pass  through  the 
central  area  of  the  LBO  crystal  facets,  and  there  is  no  thermoelectric  cooler  for  temperature  control  of  the 
crystal.  When  the  tuning  of  the  intra-cavity  SHG  is  investigated,  the  VECSEL  chip  is  mounted  on  10°C 
heatsink  and  about  35  W  808-nm  pump  power  is  launched  into  the  chip.  Figure  1 1  shows  the  tuning  curve 
of  Watt-level  blue-green  VECSEL  and  several  spectra  of  the  intracavity  SHG  signal  over  a  5  nm  tuning 
range.  The  FWHM  of  fundamental  signal  is  around  0.4  nm  and  the  total  optical  length  of  cavity  is  about 
24  cm,  suggesting  that  there  are  more  than  200  longitudinal  modes  in  the  spectral  envelope.  This  extreme 
multi-mode  operation  prevents  the  “green  problem”  of  intracavity  SHG. 
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6.4.  Spectral  Beam  Combining  of  VECSELs 


There  has  been  considerable  interest  in  ways  to  power  scale  while  maintaining  the  brightness  of  the 
laser  output  beam.  One  of  the  approaches  that  we  adopted  was  to  combine  the  output  of  multiple 
VECSEL  laser  elements.  Spectral  beam  combination  requires  spectrally  narrow  individual  lasers. 
Compared  to  an  alternative  approach,  namely  a  single  laser  giving  diffraction-limited  output  with 
kilowatts  of  output  power,  such  combination  scheme  can  operate  in  soft-failure-mode,  allowing  the  whole 
system  to  continue  to  work  when  some  of  the  laser  elements  fail.  Further,  the  heat  dissipation  requirement 
can  be  relieved  as  the  sources  of  the  heat  can  be  distributed.  Unlike  spatial  beam  combination, 
spectral  beam  combination  allows  for  relative  preservation  of  the  source  laser  beam  qualities 
For  spectral  combination  schemes,  a  highly  wavelength-dependent  combination  device  and  tunable 
laser  sources  are  necessary.  Volume  Bragg  gratings  (VBG)  in  photo-thermo-refractive  (PTR)  glass  have 
narrow  diffraction  bandwidth  combined  with  high  diffraction  efficiency,  low  losses  and  tolerance  to  high 
power  laser  radiation.  These  gratings  were  effectively  used  for  spectral  radiation  combination  of  high 
power  fiber  lasers  where  efficient  combination  of  two  100-W  beams  exceeded  90%.  Compared  to 
conventional  surface  diffraction  gratings,  VBG  allows  the  diffraction  angle  and  wavelength  to  be 
independently  tailored,  giving  flexibility  in  configuration  when  cascading  multiple  elements  to  increase 
the  number  of  channels.  In  this  report,  we  demonstrate  spectral  beam  combination  of  2  tunable  VECSELs, 
using  a  VBG  made  of  PTR  glass  and  discuss  the  scaling  of  combined  power  based  on  the  results. 


Laser  #1  Laser  #2  Combined  beam 

2.0WM2:1.68  2.1WM2:1.35  3.7WM2:1.90 


FIGURE  12.  Experimental  schematic  and  far  field  beam  profile  of  the  beams. 

Beam  combination  was  performed  using  two  similar  tunable  VECSELs,  one  of  which  (Laser  #1)  was 
operating  at  a  fixed  wavelength  of  982  nm  and  an  output  power  of  2  W.  The  other  laser  (Laser  #2)  was 
operated  at  2.1  W  and  was  tuned  to  975  nm.  The  output  beams  from  the  two  lasers  were  individually 
collimated  to  approximately  5-mm  diameter,  and  directed  to  the  VBG.  The  angle  of  incidence  onto  the 
VBG  was  adjusted  so  that  the  982-nm  beam  was  diffracted,  and  we  adjusted  the  wavelength  of  the  other 
laser  for  maximum  transmission.  With  the  total  4.1-W  of  incident  power  onto  the  VBG  device,  3.7  W 
was  combined  in  a  single  beam,  representing  90%  combination  efficiency.  The  loss  was  mainly  due  to 
the  reflection  loss  of  the  VBG  that  was  not  AR  coated.  The  M2  value  of  the  982-nm  laser  was  1.68,  and 
that  of  975-nm  laser  was  1.35.  We  measured  the  M2  of  the  combined  beam  to  be  1.9.  Slight  increase  in 
the  M2  value  for  VECSELs  could  be  attributed  to  the  small  mismatch  of  collimation  of  the  two  input 
beams.  The  beam  patterns  of  the  individual  lasers  and  the  combined  beam  are  shown  in  Figure  12. 


61 


6.5.  MultiChip  VECSELs:  A  Coherent  Power  Scaling  Scheme 

Laser  beam  combining  is  an  effective  way  to  achieve  power  scaling.  Spectral  beam  combining  (SBC) 
of  VECSELs  by  using  volume  Bragg  grating  can  maintain  near-diffraction-limited  beam  quality,  but  the 
combined  output  is  an  incoherent  multi-wavelength  beam.  The  most  sophisticated  approach  is  coherent 
beam  combining  (CBC),  where  the  lasers  are  artificially  phase  locked  with  each  other,  and  the 
electromagnetic  fields  of  their  beams  combine  coherently.  While  this  approach  sounds  good  in  theory,  in 
practice  it  requires  complex  phase-locking  loops  that  can  be  extremely  difficult  to  implement  and 
maintain. 

We  proposed  an  alternative  effective  coherent  power-scaling  approach;  the  multi-chip  VECSEL. 
Compared  to  the  single  chip  VECSEL,  this  multi-chip  VECSEL  has  several  potential  advantages:  (1)  The 
heat  generation  and  management  is  distributed  across  multiple  VECSEL  chips  instead  of  a  single  chip. 
Consequently  thermal  rollover  is  delayed  since  less  pump  power  on  each  chip  will  be  needed  to  extract 
high  power.  (2)  The  multi-chip  VECSEL  has  a  much  higher  round  trip  small  signal  gain  than  a  single  chip 
VECSEL.  As  a  result,  we  can  use  an  output  coupler  with  low  reflectance  to  increase  the  slope  efficiency 
of  the  laser.  (3)  The  output  of  a  multi-chip  VECSEL  is  a  stable  coherent  beam  with  good  beam  quality 
that  is  easily  controlled  by  the  folded  cavity.  In  this  subsection  we  present  the  development  and 
demonstration  of  a  two-chip  VECSEL  operating  around  970  nm  to  prove  the  concept  of  the  multi-chip 
VECSEL. 

To  prove  the  concept,  we  put  two  VECSEL  chips  together  in  the  W-shaped  cavity  (Figure  13).  The 
chips  served  as  the  cavity  folding  mirrors,  reflecting  more  than  99.9  percent  of  the  incident  radiation  from 
the  25  pairs  of  AlGaAs/AlAs  that  formed  a  distributed  Bragg  reflector  behind  the  quantum  wells.  The 
InGaAs  compressively  strained  quantum  wells  themselves  (14  of  them  on  one  chip  and  10  in  the  other) 
were  spaced  so  that  each  quantum  well  aligned  with  an  anti-node  of  the  cavity  standing  wave.  Each  chip 
had  a  quarter-wave  anti-reflection  coating  (reflectivity  less  than  one  percent  at  the  970-nm  laser 
wavelength,  and  less  than  three  percent  at  the  808-nm  pump  wavelength)  on  its  surface.  Both  chips  were 
optically  pumped  with  808-nm  light  from  diode  bars.  Because  we  had  a  limited  budget,  pumping  of  the 
two  VECSEL  chips  was  carried  out  with  different  power  pump  diode  bars.  We  applied  the  same  power 
density  to  both  chips  until  they  reached  the  maximum  power  (~20  W)  of  one  of  the  pump  lasers.  Because 
the  other  pump  laser  could  not  go  to  higher  power,  we  continued  increasing  the  power  of  the  second 
pump  up  to  40  W. 
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FIGURE  13..  Schematic  diagram  of  a  two-chip  VECSEL  with  a  symmetric  W-shaped  cavity.  (Relative  dimensions 
not  to  scale). 

For  comparison  purposes,  we  first  characterized  each  of  the  VECSEL  chips  in  its  own,  linear 
resonator.  The  two  chips  were  then  aligned  in  a  common  resonator,  as  indicated  in  Figure  13.  The 
comparison  showed  that  the  two-chip  resonator  produced  almost  twice  as  much  power  as  either  individual 
chip  did  in  its  own  resonator  (Figure  14).  The  two-chip  resonator  showed  a  definite  roll-over  at  the  upper 
end,  an  indication  of  overheating  one  (or  both)  of  the  chips.  We  believe  that  only  one  chip  -  the  one 
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pumped  at  40  W  overheated,  and  the  roll-over  could  be  avoided  by  pumping  both  chips  with  the  same 
power. 


FIGURE  14.  The  output  power  of  two  single-chip  VECSELs  and  two-chip  VECSEL  vs.  total  absorbed  808-nm 
pump  power.  The  roll-over  at  the  upper  end  of  the  two-chip  trace  could  probably  be  avoided  by  pumping  both  chips 
at  the  same  power. 

The  beam  quality  of  the  two-chip  resonator  was  excellent.  The  measured  M-square  value  was  a 
perfect  1.0  at  low  pump  powers,  and  increased  to  about  2.2  at  the  highest  powers  (Figure  15).  At  the 
highest  powers,  the  beam  profile  started  to  show  the  two  peaks  of  the  TEM0i  mode. 


0  2  4  6  8  10  12  14  16  18  20 

Output  of  VECSEL  (W) 

FIGURE  15.  Beam  quality  factor  (M2  factor)  vs.  the  output  power  of  two-chip  VECSEL. 


The  basic  experimental  demonstrations  performed  here  with  seed  funding  have  established  that  the  basic 
elements  for  power  scaling  VECSEls  to  kW  levels  are  feasible.  The  initial  challenge  is  to  power  scale  an 
individual  OPSL  chip  by  improving  wafer  surface  quality  -  significant  power  scaling  by  increasing  the 
pump  spot  while  maintaining  the  power  density  below  the  thermal  rollover  point.  The  next  phase  is  to 
cascade  a  finite  number  of  such  OPSL  chips  in  a  common  cavity.  Finally,  the  latter  high  power  modules 
can  be  spectrally  beam  combined  as  a  final  step  towards  a  multi-kW  OPSL  laser  source.  The  success  of 
this  project  can  be  attributed  mainly  to  our  unique  capability  to  calculate  microscopically  all  of  the  critical 
semiconductor  optical  properties  and  consequently  design  the  full  VECSEL  sub-cavity  prior  to  wafer 
growth  and  processing. 
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Abstract:  All  fiber  lasers  to  date  emit  radiation  only  along  the  fiber  axis.  Under  this  program  a  fiber  that 
exhibits  laser  emission  that  is  radially  directed  from  its  circumferential  surface  was  demonstrated.  A 
unique  and  controlled  azimuthally  anisotropic  optical  wave  front  results  from  the  interplay  between  a 
cylindrical  photonic  bandgap  fiber  resonator,  anisotropic  organic  dye  gain,  and  a  linearly  polarized  axial 
pump.  Low  threshold  (86nJ)  lasing  at  nine  different  wavelengths  is  demonstrated  throughout  the  visible 
and  near-infrared  spectra.  We  also  report  the  experimental  realization  of  unprecedented  layer  thicknesses 
of  29.5  nm  maintained  throughout  meter-long  fibers. 


7.1  Introduction 

The  great  variety  of  optical  cavities  and  their  coupling  to  gain  media  has  made  lasers  pervasive  in  science 
and  technology.  In  particular,  fiber  lasers  have  recently  been  the  focus  of  much  interest  [1-3].  A  common 
feature  of  all  fiber  lasers  is  the  emission  along  the  fiber  axis  from  an  area  that  is  small  when  compared  to 
the  total  cavity  surface  and  with  nearly  planar  wave  front.  Here  we  report  on  the  design,  fabrication  and 
characterization  of  a  photonic  band  gap  fiber  laser  that  emits  radiation  in  the  plane  transverse  to  the  fiber 
axis  from  an  extended  surface  area.  Furthermore,  the  unique  wave  front  is  azimuthally  anisotropic  with  a 
radiation  pattern  resembles  an  optical  dipole.  This  is  due  to  the  interaction  between  a  cylindrical 
resonator,  anisotropic  gain,  and  a  linearly  polarized  axial  pump  beam.  The  cylindrical  fiber-cavity 
structure  consists  of  a  hollow-core  multilayer  [4]  photonic  band  gap  fiber,  and  an  organic  dye  gain 
medium  that  is  introduced  into  the  core.  The  complete  photonic  band  gap  provides  the  longitudinal 
confinement  of  the  higher-frequency  optical  pump  and  at  the  same  allows  light  to  travel  along  the  fiber  at 
steep  angles  (with  respect  to  the  fiber  axis)  not  afforded  by  conventional  index-guiding  fibers.  Lasing  at  9 
different  wavelengths  is  demonstrated  throughout  the  visible  and  near-infrared  spectra.  We  also  report  the 
experimental  realization  of  unprecedented  layer  thicknesses  of  29.5  nm  maintained  throughout  meter-long 
fibers.  Such  a  device  may  have  interesting  medical  applications  ranging  from  photodynamic  therapy  [5] 
to  in  vivo  molecular  imaging  [6],  as  well  as  textile  fabric  displays  [7]. 


7.2  Fiber  Laser  Structure 

The  surface-emitting  fiber  laser  structure  and  pumping  arrangement  are  shown  schematically  in  Fig.  1. 
The  structure  comprises  a  gain  medium  in  the  core  surrounded  by  a  photonic  band  gap  (PBG)  structure 
[8-11]  made  of  58  layers  of  a  wide  mobility  gap  amorphous  semiconductor,  As2S3,  alternating  with  a  high 
glass-transition  temperature  polymer,  poly(etherimide)  (PEI).  A  scanning  electron  microscope 
micrograph  of  the  multilayer  structure  (Fig.  2a)  demonstrates  the  uniformity  of  the  layer  thicknesses 
throughout  the  fiber.  The  individual  layer  thicknesses  of  As2S3  and  PEI  are  59  nm  and  89  nm, 
respectively,  and  the  structure  is  terminated  by  a  29.5-nm  thick  layer  of  As2S3  to  eliminate  surface  modes. 
The  gain  medium  is  pumped  axially  while  the  resonant  cavity  provided  by  the  PBG  ensures  laser 
emission  in  the  radial  direction.  The  PBG  structure  performs  a  dual  role  enabled  by  the  characteristic  shift 
of  the  band  edges  to  higher  frequencies  with  increase  in  wave  vector  as  depicted  in  Fig.  2b.  The  normal- 
incidence  band  gap,  defined  for  axial  wave  vector  k  =  0  (region  A),  provides  the  optical  feedback 
necessary  for  emitting  laser  light  from  the  whole  surface  area  in  the  radial  direction.  Concurrently,  the 
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blue-shifted  band  gap  having  axial  wave  vectors  near  the  light  line  (region  B)  is  responsible  for  guiding 
the  pump  frequency. 


Figure  1  Photonic  band  gap  fiber  laser.  The  fiber  laser  emits  light  in  the  transverse  direction  (propagation  and  polarization 
vectors  shown  as  solid  arrows  and  dashed  lines,  respectively)  having  a  dipole-like  wave  front  from  an  extended  length  of 
the  fiber. 


While  different  types  of  gain  media  may  be  used  in  conjunction  with  the  fiber,  for  convenience  we 
chose  an  organic  laser  dye  [12]  incorporated  into  a  copolymer  matrix.  The  upper  inset  in  Fig.  2a  is  a 
fluorescence  micrograph  of  the  fiber  cross  section  (see  Appendix  A).  An  organic  dye,  LDS698,  having  a 
fluorescence  peak  at  645  nm  was  dispersed  in  a  copolymer  and  inserted  into  the  otherwise  hollow  core  of 
a  PBG  fiber.  Since  the  normal-incidence  PBG  is  26%  of  its  centre-frequency,  it  encompasses  the  entire 
fluorescence  spectrum  as  shown  in  Fig.  2c  (see  Appendix  B).  This  same  fiber  supports  the  propagation  of 
a  pulsed  optical  pump  at  532  nm  traveling  through  the  fiber  core. 
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Figure  2  Structure  of  the  fiber  laser  cavity,  a,  Cross-sectional  SEM  micrographs  of  the  PBG  multilayer  structure  at  various 
magnifications.  The  PEI  in  the  cladding  and  the  layers  appears  black,  and  the  As2S3  layers  white.  The  PEI  and  As2S3  layers 
are  89  nm  and  59  nm  thick  (except  for  the  first  and  last  As2S3  layers  which  are  29.5  nm  thick;  the  first  layer  is  not  visible). 
The  top  left  inset  shows  a  cross-sectional  fluorescence  micrograph  of  the  full  cross-section  of  a  PBG  fiber  with  an  R590 
organic  dye  in  the  core  and  enveloped  by  a  thick  PEI  protective  cladding,  b,  Projected  band  structure  of  a  one  dimensional 
photonic  crystal  consisting  of  alternating  layers  of  As2S3  and  PEI.  Transverse-electric  (TE)  and  transverse-magnetic  (TM) 
propagating  modes  are  in  dark  and  light  blue,  respectively;  evanescent  modes  are  in  white.  Light  incident  normally  to  the 
structure  (&=0)  and  axially  propagating  modes  through  the  hollow  core  are  shown  as  regions  A  and  B,  respectively,  c, 
Measured  reflection  band  gap  centered  around  620nm  (see  ‘Optical  characterization’  in  methods)  in  black;  fluorescence 
spectrum  of  LDS698  (500  ppm  concentration)  in  red;  and  calculated  dye-in-cavity  emission  obtained  by  multiplying  the 
last  two,  dashed  line. 


7.3  Optical  Properties 

We  observe  broad  fluorescence  emission  from  the  above  described  fiber  laser  at  pump-pulse  energies 
lower  than  the  86  nJ  threshold,  while  radially  directed  lasing  occurs  with  sharp  peaks  at  652  nm  above 
threshold  (Fig.  3a).  To  confirm  that  the  emitted  radiation  is  indeed  laser  light  and  not  amplified 
spontaneous  emission,  we  show  in  Fig.  3a  the  emission  spectra  of  the  fiber  for  three  different  pump 
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energies:  below  (A),  near  (B)  and  above  (C)  threshold.  The  lasing  threshold  occurs  at  pump  energies  of 
86  nJ  and  110  nJ  for  dye  concentration  of  500  ppm  and  50ppm,  respectively.  The  dependence  of  the 
emission  bandwidth  (Fig.  3a  inset)  and  energy  (Fig.  3b)  on  the  pump  energy  for  both  500  ppm  and  50 
ppm  dye  concentrations  are  shown.  Both  clearly  demonstrate  laser  thresholds.  The  slope  efficiencies  are 
37.5%  and  16.5%  for  the  500  ppm  and  50  ppm  concentrations,  respectively. 


Figure  3  Lasing  characteristics  of  an  LDS698-doped  PBG  fiber,  a,  Emission  spectra  of  the  fiber  laser  for  a  dye 
concentration  of  500  ppm  and  pump  energy  below  threshold  (A),  1.2Eth  (B)  and  1.8Eth  (C),  where  Eth  is  the  lasing  threshold 
energy.  Inset  shows  the  spectral  full-width  at  half-maximum  as  a  function  of  input  energy  for  500  ppm  (red  line)  and  50 
ppm  (dashed  blue),  b,  Dependence  of  the  laser  energy  on  the  pump  energy  showing  threshold  values  of  Eth  =  86  nJ  and  Eth 
=  100  nJ  for  the  500  ppm  and  50  ppm,  respectively,  c,  High  resolution  spectral  measurement  reveals  mode  spacing  of  2  nm 
and  quality  factor  of  640. 


The  PBG  fiber  (core  diameter  dc  =  70  pm)  supports  many  longitudinal  cavity  modes  in  the  transverse 
plane  having  a  free  spectral  range  AA  «  A0  /  2 ndc  ,  where  n  is  the  core  refractive  index  and  A0  is  the  lasing 

centre  wavelength.  The  lasing  spectrum  was  resolved  into  its  modes,  as  shown  in  Fig.  3c,  using  an  optical 
spectrum  analyzer  (ANDO  AQ6317),  and  the  2-nm  mode  spacing  (corresponding  to  a  68-pm  core 
diameter)  is  in  good  agreement  with  the  expected  value.  The  measured  quality  factor  Q  =  A0  /  8A  {5 A  is  the 

spectral  width  of  one  mode)  of  640  is  lower  than  theoretically  expected.  Possible  reasons  for  this 
discrepancy  are  the  losses  arising  from  an  imperfect  cavity  structure  and  the  limited  spectral  resolution  of 
the  measurement  setup. 

The  optical  wave  front  emanating  from  the  fiber  laser  has  several  unique  characteristics  that  stem 
from  the  combination  of  the  emission  properties  of  the  dye  and  the  resonant  cavity  design.  First,  the 
emitted  laser  wave  front  has  a  dipole-like  radiation  pattern,  shown  in  Fig.  4a.  This  result  was  obtained  in 
two  different  ways.  First  the  orientation  of  the  pump  polarization  at  the  input  to  the  fiber  was  rotated 
while  a  probe  recorded  the  emitted  intensity  in  the  x-polarization  at  a  fixed  location  along  the  y-axis.  The 
measurement  was  then  corroborated  by  physically  rotating  the  probe  around  the  surface  of  the  fiber  laser 
while  keeping  the  pump  polarization  fixed  in  the  x-direction.  Upon  comparing  the  radiation  pattern  to  that 
of  a  bulk  dye-doped  copolymer  excited  with  the  same  pump,  we  find  the  dipole-like  radiation  pattern  is 
not  as  pronounced  as  in  the  fiber  laser.  These  results  can  be  understood  by  noting  that  the  polarization  of 
the  dye  fluorescence  is  determined  mainly  by  the  pump  polarization  and  the  relative  orientation  of  the 
transition  moments  in  the  dye  molecule  for  the  absorption  and  emission  transitions  [12].  The  polarized 
dye  molecules  that  are  aligned  with  the  pump  polarization  contribute  the  most  to  the  fluorescence.  This 
may  be  confirmed  by  analyzing  the  dye  emission  with  a  linear  polarizer  rotated  in  the  x-z  plane,  normal  to 
the  direction  of  maximum  emission  (y-axis),  with  a  fixed  x-polarized  pump,  as  shown  in  Fig.  4b  (dotted 
line).  The  dipole  radiation  patterns  of  the  dye  molecules  combine  to  result  in  the  radiation  pattern  shown 
in  Fig.  4a  where  the  strongest  radiation  is  in  the  direction  orthogonal  to  the  pump  polarization  and  the 
fiber  axis.  Since  fluorescence  polarized  parallel  to  the  pump  is  stronger,  cavity  modes  with  this 
polarization  have  lower  thresholds.  Consequently,  the  fiber  laser  has  an  enhanced  polarization  component 
parallel  to  the  pump  as  compared  to  that  of  the  bulk  dye  emission  (Fig.  4b,  solid  line)  and  a  more 
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prominent  dipole-like  radiation  pattern.  These  interesting  results  suggests  that  the  direction  of  the  laser 
beam  can  be  controlled  remotely  just  by  rotating  the  pump  polarization. 


Figure  4  Geometric  dependence  of  the  emission  for  an  LDS698-doped  PBG  fiber  laser,  a,  Angular  intensity  pattern  of  the 
bulk  dye  and  fiber  laser  emission  at  a  fixed  location  along  the  y-axis  measured  by  rotating  the  input  polarization.  This 
measurement  is  equivalent  to  fixing  the  pump  polarization  while  measuring  the  emission  intensity  around  the  fiber,  b, 
Polarization  of  light  emitted  from  bulk  dye  (dashed  blue)  and  dye  in  a  fiber  cavity  (red  line)  having  a  ratio  of  intensities  in 
the  x-  and  ^-directions  of  0.22  and  0.6,  respectively,  measured  by  fixing  the  pump  polarization  in  the  x-direction  and 
recording  the  intensity  as  a  function  of  polarizer  rotation  about  the  direction  of  maximum  emission  (y-axis).  c,  Emission 
spectra  from  large  core  (200-pm)  PBG  fiber  laser  measured  along  the  fiber  axis  at  10-pJ  pump  energy  measured  by 
scanning  a  probe  fiber  along  the  fiber  side.  The  upper  panel  shows  a  photograph  of  the  fiber  showing  laser  light  emitted 
from  a  spatially  extended  region  along  the  fiber  (~  5  mm). 

A  second  unique  feature  of  this  laser  is  that  emission  occurs  over  a  spatially  extended  region  by  virtue 
of  the  extended  surface  area  of  the  fiber  resonator  walls.  This  is  in  contrast  to  semiconductor  [13,14]  and 
polymer  [15]  planar  annular  resonators  in  which  the  resonator  thickness  is  on  the  order  of  the  emission 
wavelength.  Figure  4c  shows  the  emission  spectrum  as  a  function  of  position  along  a  large-core  ( dc  =  200 
pm)  PBG  fiber.  By  moving  a  probe  along  its  axis  we  observed  laser  radiation  extending  along  -  5  mm  of 
the  fiber  (measured  at  full-width-half-maximum).  The  upper  panel  of  Fig.  4c  shows  a  photograph  of  this 
operating  laser.  One  may  further  increase  the  surface  area  from  which  laser  light  is  emitted  by  optimizing 
dye  concentration,  core  size,  and  PBG  structure. 

The  dual  action  of  the  PBG  structure  as  both  a  transverse  laser  cavity  and  a  transmission  waveguide  is 
highlighted  in  Fig.  5a.  In  this  specific  fiber,  a  short  segment  of  Rhodamine  590  doped  copolymer  was 
introduced  into  a  PBG  fiber,  leaving  the  rest  of  the  core  hollow.  The  photograph  of  the  bent  fiber 
displays  both  features:  the  hollow-core  portion  of  the  fiber  transmits  the  pump  light  (green,  X  =  532  nm, 
top  of  the  photograph),  and  the  dye-doped  portion  emits  orange-colored  laser  light  ( X  =  576  nm). 

Furthermore,  the  placement  of  dye-doped  segments  along  a  fiber  can  be  carefully  controlled.  A 
demonstration  that  highlights  the  ability  to  finely  tune  segment  size,  location,  and  composition  is  shown 
in  Fig.  5b.  A  lasing  display  projects  the  letters  "MIT"  in  two  colors.  All  the  lasing  fibers  contain 
copolymer  segments  doped  with  DCM  (orange).  Additionally,  the  “i”-fiber  contains  both  DCM  and 
LDS698  (red)  demonstrating  that  more  than  one  gain  medium  can  be  precisely  placed  in  the  same  fiber. 
This  specific  display  contains  12  dye-filled  fibers  that  are  pumped  from  both  ends.  The  large  segments 
contain  less  than  0.5  pi  of  dye-doped  polymer. 

Finally,  the  use  of  dyes  with  fluorescence  spectra  that  extend  over  the  visible  and  near-IR 
wavelengths  is  made  possible  by  simply  scaling  the  PBG  structure  and  hence  shifting  the  band  gap.  Nine 
different  dyes  were  inserted  into  separate  fibers  having  band  gaps  matched  to  their  emission  peaks.  The 
lasing  spectra  of  these  fibers  are  displayed  in  Fig.  5c,  and  photographs  of  three  lasers  are  shown  depicting 
bright  blue,  green  and  red  laser  light.  Moreover,  the  fiber’s  photonic  band  gap  is  readily  scalable  from  the 
UV  [11]  to  the  IR  [8,10]. 
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Figure  5  a,  A  photograph  of  an  R590-doped  PBG  fiber  showing  the  pump  (532  nm,  green)  guided  in  the  hollow-core  PBG 
fiber.  Lasing  at  576  nm  (orange)  occurs  in  the  R590-doped  region,  b,  Lasing  “MIT”  made  out  of  12  PBG  fibers  doped  with 
DCM  (orange)  and  LDS698  (red)  that  are  simultaneously  pumped  in  both  directions.  This  display  design  illustrates  the 
ability  to  finely  tune  dye  location,  size,  and  concentration,  c,  Laser  emission  spectra  from  fibers  doped  with  nine  different 
dyes.  The  lasers  producing  emission  spectra  1-3  are  constructed  using  the  same  hollow-core  PBG  fibers  having  a 
fundamental  reflection  band  gap  at  500  nm,  and  were  pumped  at  355  nm.  The  fibers  used  to  produce  emission  spectrum  4 
has  a  fundamental  reflection  band  gap  at  600  nm,  while  those  used  for  spectra  5-9  have  a  fundamental  reflection  band  gap 
at  690nm,  and  all  were  pumped  at  532  nm.  Photographs  of  the  organic  dye-doped  PBG  fiber  lasers  showing  the  individual 
laser  colors  (blue,  green  and  red)  emitting  from  the  fiber  surface. 

7.4  Conclusions 

This  new  polymer  surface-emitting  fiber  laser  offers  unique  control  over  the  direction  and 
polarization  of  the  lasing  wave  front,  is  inherently  wavelength  scalable,  and  can  be  used  for  the 
remote  delivery  of  radial  laser  emission.  The  ability  to  control  the  gain  medium  location,  spatial 
extent,  and  concentration  coupled  with  the  fiber’s  mechanical  flexibility  paves  the  way  for  lasing 
textile  fabrics  or  even  3D  laser-light-emitting  structures. 


Appendix  A:  Fiber  Preparation 

The  hollow-core  PBG  fiber  preform  was  fabricated  by  thermal  evaporation  of  an  As2S3  layer  (5  pm)  on 
both  sides  of  a  free-standing  8-pm-thick  PEI  film  and  the  subsequent  rolling  of  the  coated  film  into  a 
hollow  multilayer  tube.  This  hollow  macroscopic  preform  with  a  thick  protective  outer  layer  of  PEI  was 
consolidated  by  heating  under  vacuum  at  ~  260  °C  and  was  then  drawn  in  a  fiber  draw  tower  into 
hundreds  of  meters  of  fiber  at  ~  305  °C.  The  SEM  samples  were  prepared  with  JEOL  Cross  Section 
Polisher  (CP)  SM-09010  and  the  micrographs  produced  with  JEOL  JSM  7000F. 

Mixed  solutions  of  methyl  methacrylate  (MMA)  and  2-hydroxyethyl  methacrylate  (HEMA)  monomers 
containing  t-butyl  peroxide  (tBP)  or  azobisisobutyronitrile  (AIBN),  n-butyl  mercaptan,  and  organic  dyes 
(0.05-0.5  wt%)  were  prepared  and  inserted  into  the  hollow  core  PBG  fibers.  The  fibers  were  placed  in  an 
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oven  at  either  90  °C  (tBP)  or  60  oC  (AIBN)  for  20  hours  for  polymerization.  All  dyes  were  obtained  from 
Exciton,  Inc.  The  dyes  used  to  produce  the  laser  emissions  shown  in  Fig.  5a  are  as  follows:  (1),  0.5  wt% 
coumarin  503;  (2),  0.5  wt%  coumarin  500;  (3),  0.5  wt%  coumarin  540A;  (4),  0.1  wt%  rhodamine  590; 
(5),  0.1  wt%  DCM;  (6),  0.1  wt%  LD698;  (7),  oxazine  720;  (8),  0.1  wt%  LD700;  (9),  0.1  wt%  oxazine 
725. 


Appendix  B:  Optical  Measurements 

The  reflection  spectra  of  the  hollow-core  fibers  were  measured  using  a  xenon  lamp  (Oriel  68840-M).  The 
light  was  collimated  using  a  5-cm  focal-length  lens,  directed  through  a  beam  splitter,  and  focused  onto  the 
fiber  outer  surface  using  a  xlO  microscope  objective  lens.  The  light  reflected  back  from  the  multilayer 
structure  was  collimated  by  the  objective  lens  and  directed  by  the  beam-splitter  to  a  spectrometer  (Ocean 
Optics  HR2000CG-UV-NI)  and  then  normalized  with  respect  to  the  spectrum  of  the  lamp. 

The  optical  pump  for  the  fiber  lasers  was  a  linearly  polarized,  pulsed  Nd:YAG  laser  (Continuum  Minilite 
II)  with  nominal  pulse  durations  of  9  ns  and  repetition  rate  of  10  Hz.  Both  the  second  (532nm)  and  third 
(355nm)  harmonics  were  utilized  as  pumps  in  accordance  with  the  dye’s  fluorescence.  The  pump  beam 
was  spatially  filtered  by  a  500-pm  pinhole,  a  small  percentage  of  the  energy  was  directed  away  by  a  beam 
splitter  to  monitor  the  pump  energy,  a  half-wavelength  plate  controlled  the  pump  polarization,  and  a  one- 
inch  focal-length  lens  coupled  the  pump  into  the  fiber  core.  The  pump  input  energy  was  measured  using 
an  energy  meter  (Coherent  PM  1000,  J4-09  and  J3S-10).  The  energy  of  the  resulting  laser  light  emitted 
from  the  fiber  laser  was  collected  by  an  integrating  sphere  (Sphere  Optics)  and  measured  using  the  same 
energy  meter  with  a  high-pass  filter  mounted  in  front  to  eliminate  any  pump  signal.  The  pump  energy  was 
adjusted  using  a  variable  optical  attenuator.  The  emission  spectra  of  the  generated  laser  light  were 
measured  with  the  spectrometer  after  being  collected  by  a  600-pm-diameter  multimode  fiber  probe.  The 
polarization  measurements  of  both  the  bulk  dye  and  the  fiber  were  made  using  a  linear  sheet  polarizer 
placed  between  the  sample  and  the  spectrometer. 
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We  have  derived  an  exact  analytical  dispersion  relation  for  transverse-magnetic  modes  with  kz  =  0 
in  a  particular  two-dimensional  rectangular  photonic  band  gap  (PBG)  structure.  We  have  presented  a 
method  for  solving  the  dispersion  relation  and  determining  the  dispersion  characteristics.  We  have 
compared  analytical  results  with  results  from  the  Massachusetts  Institute  of  Technology  Photonic  Band 
Gap  Structure  Simulator  (PBGSS)  code.  We  have  established  the  error  tolerance  in  the  PBGSS  code. 
Finally,  we  have  computed  analytically  the  attenuations  of  modes  with  frequencies  in  the  global  band  gap. 

We  consider  a  2D  periodic  PBG  structure  consisting  of  rectangular  dielectric  rods,  as  shown  in  Fig.  1. 
The  structure  is  infinite  in  the  z  -direction.  Applying  the  boundary  conditions  on  the  interface  of  the 
dielectric  rods  and  the  periodic  boundary  conditions  on  the  boundaries  of  the  elementary  cell,  we  derive 
analytical  dispersion  relation  for  a  special  case  in  which  the  dielectric  constants  of  the  rods  satisfy  the 
algebraic  condition 

£1  83  =  S2  +  84  .  (1) 

In  this  case,  we  can  obtain  the  following  analytical  dispersion  relation  for  the  TM  modes  with  kz  =  0  : 
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Fig.  1  Schematics  of  a  2D  rectangular  PBG  structure  representing  (a)  several  cells  of  the  structure,  with 
an  elementary  cell  inside  the  dashed  box  and  (b)  reciprocal  lattice  and  a  Brillouin  zone  with  an  irreducible 
Brillouin  zone  in  the  shaded  region. 
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where  the  functions  klx  =  klx  [k  . ,  co )  and  k2x  =  k2x  [k  ,  to )  are  implicitly  defined  by  the  relations 
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Results  of  the  analytic  and  PBGSS  calculations  of  the  first  six  bands  are  presented  in  Fig.  2  for  a 
square  PBG  structure  with  the  following  parameters:  a0  / a  =  0.7  ,  b0  / b  =  0.7  ,  a/Z?  =  1.0,  Sj  =  1 .0 , 


s2  =  s4  =  5.0,  and  s3  =  9.0  .  In  the  PBGSS  code,  the  fundamental  unit  cell  is  covered  by  square  mesh 

with  (27V  +  l)x(27V  +  l)  mesh  points.  In  our  calculation,  we  use  the  value  of  N  =  8 .  On  the  scale 
shown  in  Fig.  2,  it  is  evident  that  the  results  of  the  PBGSS  calculations  agree  well  with  the  analytical 
calculations. 


Fig.  2.  Plot  of  the  normalized  frequency  co a  /  27ic  versus  the  wave  vector  k±  for  the  first  six  bands  of 
TM  modes  with  a0  / a  =  b0  / a  =  0.7 ,  b! a  =  1.0 ,  s1  =1.0,  s2  =  s4  =  5.0,  and  s3  =  9.0 .  Here,  k± 
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varies  from  T  to  X  ,  X  to  M  ,  M  to  T  [see  Fig.  1(b)].  Solid  curves  are  the  analytical  results, 
whereas  the  triangles  are  the  results  from  the  PBGSS  calculations. 

To  understand  the  sensitivity  and  dependence  of  the  PBGSS  results  to  the  mesh  choice,  e.g.,  the 
parameter  N ,  one  can  analyze  the  error  in  frequency  at  any  given  wave  vector  k± .  Because  we  are 
interested  in  the  global  band  gaps,  we  have  performed  the  error  analysis  at  point  M  in  the  first  band  and 
point  X  in  the  second  band.  The  results  for  point  M  in  the  first  band  are  shown  in  Fig.  3.  The  frequency 
error  is  oscillating  as  N  increases.  Note  that  at  TV  =  8  ,  the  error  is  less  than  1%  ,  which  is  consistent  with 
the  results  shown  in  Fig.  2.  The  absolute  value  of  the  maximum  error  is  found  to  scale  approximately  as 
1 /N  ,  as  expected.  At  point  X  in  the  second  band,  results  similar  to  those  in  Fig.  3  are  obtained. 

We  make  use  of  Eq.  (2)  to  calculate  the  attenuation  of  the  evanescent  wave  in  the  band  gap  as  a 
function  of  angle  of  the  wave  vector  with  respect  to  T-X  direction  in  the  irreducible  Brillouin  zone  in 
Fig.  1(b).  In  Fig.  4,  the  results  of  the  wave  attenuation  calculation  are  shown  for  a  square  PBG  structure, 
for  the  same  choice  of  system  parameters  as  in  Fig.  2.  The  frequency  was  chosen  to  be  in  the  middle  of 
the  first  global  band  gap,  i.e.,  coal 2k c  =  0.303 .  The  wave  attenuation  depends  on  the  direction  of 
propagation. 


Fig.  3  Percentage  error  in  normalized  frequency  co a  /  27ic  as  a  function  of  N  for  first  TM  mode  at 
point  M  .  Dashed  line  represents  the  fit  for  the  absolute  value  of  the  maximum  errors. 


Fig.  4  Normalized  imaginary  part  of  k±  for  TM  modes  with  frequency  in  the  middle  of  the  first  global 
band  gap  as  a  function  the  angle  of  propagation  with  respect  to  the  x  -  axis. 

There  are  a  number  of  useful  applications  of  the  analytical  dispersion  relation.  First,  it  allows  for 
benchmarking  the  existing  numerical  codes  for  PBG  calculations.  Second,  it  enables  us  to  perform  a 
rigorous  error  analysis  and  establish  error  tolerance  in  a  PBG  simulation  code.  Third,  it  allows  for  an 
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accurate  determination  of  global  band  gaps,  especially  very  narrow  ones  which  are  required  in  order  to 
design  an  oversized  PBG  cavity  or  waveguide  with  a  single  transverse  mode.  Fourth,  it  allows  us  to  study 
the  attenuation  of  the  mode  which  has  a  frequency  in  the  global  band  gap  and  therefore  it  is  trapped  in  the 
defect  of  the  structure. 
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